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PREFACE 



It is indicative of the rapid progress of the application of electricity 
to the propulsion of railway trains, that it is no longer possible, 
within the bounds of a single volume, to cover the entire subject 
with any approach to adequacy. Indeed, in limiting my programme 
to Electric Trains, I have still found the field too wide to be dealt 
with effectively, and I have consequently confined the treatment to 
Electric Trains for City and Suburban Service, thus purposely 
excluding the large and important subject of Electric Locomotives. 
Even with this restricted programme I have considered that it is 
impossible, without incurring the risk of diverting the reader's atten- 
tion from the logical development of my subject, to introduce much 
material descriptive of the appsuratus comprised in the electrical 
equipment. I have endeavoured to make amends for this by 
including references to publications in which useful descriptive matter 
may be found. 

There is a dearth of published matter where a reader can find set 
forth coherent and simple descriptions of thoroughly practical methods 
of calculating the required energy for operating electric railways. I 
do not know of any work other than the present book in which 
the approximate estimation of the cost of the rolling stock of 
electrically-propelled motor-coaches and trains, proportioned for a 
given service, is worked out rationally and with the certainty of 
arriving at reliable results for the comparative purposes of pre- 
liminary estimates. Most of the interesting and valuable essays in 
these directions are too ponderous, and their authors have been 
hampered by the involved and cumbersome methods which they have 
employed. Although portions of these essays are of great value to 
those interested in electric railways, they are usually seriously 
overweighted with digressions of none too relevant a nature, and the 
methods set forth are needlessly complex. 
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The problems involved in railway electrification work are, in 
their broad aspects, not amenable to useful solution by other than 
more or less empirical methods based on rough, practical tests. 
After the broad solution has been reached, and after the main features 
of the scheme have been laid down, tJien, and tJien orUy^ is the stage 
reached when close detailed work on the many component points 
involved should be undertaken. 

The electrical engineer will be out of his element in designing 
trucks and car bodies, and he will be well advised, even in the 
matter of the suitable location of the electrical apparatus, to confine 
his part to that of simply placing at the disposal of experienced 
steam-railway engineers his special knowledge of electrical apparatus 
and methods. Holding this belief, I have not included in this 
treatise matters relating to details of the design of trucks and car 
bodies. I consider that it would be inappropriate, at any rate in a 
book of the small compass of the present treatise, to include 
information on these points. 

I am hopeful that not only electrical engineers and students, but 
also railway engineers, will find the present treatise of assistance 
in making clear the most pertinent considerations governing the 
electrical aspects of the design and operation of Electric Trains for 
City and Suburban Service, and with a view to the achievement of 
this purpose, I have not considered it expedient to apply the space 
at my disposal to other than the most distinctly relevant portions of 
the subject. 

I have taken the mile as the unit of length. It is, however, 
characteristic of electrical engineering, that calculations are expe- 
dited by the use of the metric system. Consequently for short lengths 
I have employed the meter, of which there are 1609 in the mile. 
Accelerations are given in miles per hour per second, and I have 
employed the abbreviation " ml phps," since the abbreviation " m " 
is reserved for the meter. With the desire to avoid bigotry in this 
matter of units, I have, in such cases as the dimensions of rolling 
stock, freely employed feet and inches. The British ton and the metric 
ton differ from one another by only 1*8 per cent., and since this varia- 
tion is of absolutely no consequence in such a subject as that dealt 
with in the present treatise, I have regarded the British ton and the 
metric ton as identical. Engineers should keep in mind that in the 
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case of many descriptions of electric railway work carried out in 
America, the authors of the British papers and books republishing 
these descriptions have often not taken the trouble to translate the 
weights from the 2000-lb ton used in America to the British or metric 
ton used everywhere else. There are many instances in which it would 
appear that the authors of these papers have not noticed that another 
than the British ton is employed. In view of the complacency with 
which this 11 per cent, indefiniteness is assimilated by the engineer- 
ing community, I see no reason to anticipate criticism of my plan of 
ignoring the 1*8 per cent, difference between the British and metric 
ton, and I consider it a great advantage that in this matter of the 
ton, we have a unit common to both the British and the metric 
systems. It should not be difficult to take the next step, and to 
employ the one-thousandth part of the ton as the smaller unit of 
weight. Whether this be described as 0*001 ton or as 1 kg is 
immaterial. In this book I have employed the kilogram as a con- 
venient designation for the thousandth part of the ton. Tempera- 
tures are in all cases given in the Centigrade scale. 

In building up a basis for my methods, I have perused with 
much profit Aspinall's papers ("Proc, I.C.E./' vol. cxlvii. p. 241, 
and "Proc, I.M.E.," 1909, No. 2, p. 423), Carter's contributions 
(" Journal, I.E.E.," vol. xxxvi. p. 231. Eugby Eng. Society, Feb. 
18, 1909), and papers by Armstrong, Potter, Hutchinson and others, 
published in various volumes of the " Transactions of the A.I.E.E.'* 
While the reader will find in the text numerous reference to descrip- 
tions of apparatus, I cannot refrain from specially calling attention 
to a treatise entitled "Electric Traction," by Wilson and Lydall, 
since with respect to this special feature of descriptions of apparatus, 
the book is, in my opinion, unexcelled. ** Electric Bailway Engineer- 
ing," in which Mr. H. F. Parshall and the present author collabo- 
rated, and Mr. Philip Dawson's "Electric Traction on Eailways," 
also contain a great deal of detailed information concerning many 
notable cases of electrically operated railways. The present treatise 
is not to be considered as an alternative of any of the above- 
mentioned books, but as an attempt to accomplish the specific task 
indicated in this preface. 

I wish to take this opportunity of expressing my thanks to 
Mr, J. E. Chapman, Chief Engineer of the Underground Electric 
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Eailways Co., of London ; to Mr. B. P. Brousson, General Manager 
of the Great Northern and City Eailway ; to Mr. J. A. F. Aspinall, 
General Manager of the Lancashire and Yorkshire Railway ; to Mr. 
H. P. Parshall, Consulting Engineer to the Central London Rcdlway ; 
to Mr. E. P. Grove, Chief Engineer of the Central London Eailway ; 
to Mr. C. H. Merz, Consulting Engineer to the North Eastern 
Bailway; and to Messrs. Dick, Kerr and Co., and Messrs. The 
Siemens-Schuckert Dynamo Works, for their courtesies in providing 
me with data of their undertakings. 
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ELECTRIC TRAINS 



CHAPTER I 



A 



SPEED- TIME DIAQRAUa 

Ik making calcxilations relating to the electric propulsion of trains, 
one of the first steps consists in constructing " speed-time " diagrams.* 
A speed-time diagram is usually drawn with times, in seconds, from 
the instant of starting the train, as abscissae, and with the correspond- 
ing speeds, in miles per hour, as ordinates. Let us take the case of a 
passenger train operating under the average conditions which obtain 
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Fig. 1. — Accelerating Portion of Speed-time Diagram, with Acceleration maintained 

constant at one ml phps. 

on such lines as those of the Underground Electric Sailways Co. of 
London, or of the Central London BaUway. At the instant of switch- 
ing on the electricity, i.e. at the instant of starting, the speed is zero. 

* An ezoeUent mathematical treatment of the subject of speed-time diagrams is 
given by 0. O. MaiUouz, in a paper entitled << Notes on the Plotting of Speed-Time 
Curves," and read before the American Institute of Electrical lEJngineers (" Trans- 
actions," vol. ziz. p. 901). 

B 



2 ELECTRIC TRAINS 

One second later the speed may be one mile per hour (one ml ph) 
or more. If, at the end of the first second, the train has acquired a 
speed of one ml ph, the average acceleration during the first second 
is said to have been one mile per hour per second (one ml phps). 
If this acceleration is maintained uniform for 20 seconds, the speed 
at the end of the 20th second will be 20 ml ph. For such a case the 
first part of the speed-time diagram is drawn as shown in Fig. 1. 
llie acceleration will, in practice, vary from instant to instant. 
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PiQ, a. — ^Accelerating Portions of Speed-time Diagram, showing how the Accelera- 
tion may be gradnaUy increased up to its Final Value. 

Ourve a, Final Acceleration 1*1 ml phps. 
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The train will usually start off with only comparatively moderate 
acceleration, otherwise discomfort would be experienced by the 
passengers. But by the end of a very few seconds such a train as 
that instanced will be accelerating at one ml phps, or thereabouts, 
and the maximum acceleration may be 1*5 ml phps, or even more. 
Thus the first part of the speed-time diagram is usually more like one 
of the curves in Fig. 2, which represent accelerations gradually 
increasing to I'l, 1*2, and 1*5 ml phps for curves a, 6, and c 
respectively. 

The corresponding insttmtaTyecus values of the acceleration are 
shown in Fig. 3. Curve d corresponds to the constant acceleration 
of Fig. 1, and curves a, 6, and c correspond to the gradually increas- 
ing accelerations of curves a, J, and c respectively of Fig. 2. 
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SPEED-TIME DIAGRAMS 3 

In all four cases^ the speed at the end of the 20th second is 20 ml 
ph, the average acceleration being therefore, in each case, 1*0 ml 
phps. But, obviously, the distance covered in the 20 seconds is less 
in the last three cases than in the first case. In the first case (i.e. 




e a /o /z /^ 



a? 



Fia. 8.— Ourves showing the Variation of the Acceleration with Time, corresponding 

to the Ouryes in Figs. 1 and 2. 

Fig. 1, and curve d of Fig. 3), the average speed during the 20 seconds 
is 10 ml ph, and the distance covered in the 20 seconds is — 

20 



3600 



X 10 == 0-0555 mile = 89-2 m.* 



In the case of curve a in Fig. 2, the average speed is 9*5 ml ph, and 
the distance covered is only — 

^ X 9-5 = 0-0528 mUe = 84-7 m. 

In the four cases, the initial and final acceleration, the mean speed, 
and the distance covered during the first 20 seconds are set forth in 
Table I. 



* 1 mile = 1609 meters (1609 m). 
The reader wiU find that the most practicable course, pending the general introduction 
of the kilometer (km) as a substitute for the mUe, is to express aU considerable 
distances in mUes, and aU short distances in meters. While the meter is already 
eztensiyely used» and is practically as familiar as the foot or the yard, it will take 
many years to supersede the mile by the kilometer. 
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Tablb I. — Data OBTAimD fbox ihb OintyBS or Fiob. 1 so 8. 



Carre of Moeleratton 


Aooeleratlon (ml phpa). 


Mean speed 
(mlpb). 


Dlftanoe 


(of Fig. 3). 


InitUl. 


Final. 


MOMl. 


oovered (m). 


d . 

a 

h , 
c 


1-00 
0-50 
0-81 
0*14 


1-00 
110 
1*20 
1*60 


1-00 
1-00 
1-00 
1-00 


10-0 
9*5 
8*8 
7*0 


89*2 
84*7 
74-1 
62*5 



The distances covered during the first 20 seconds ore plotted as 
a function of the initial accelerations, in the curve of Fig. 4. From 
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-Gurve showing Distanoe travelled for the first 20 seconds of Bun with the 
Various Initial Accelerations of the Curves of Big. 8. 



this curve it will be seen that^ so far as is consistent with other con- 
siderations, it is very important that the initial acceleration shall be 
fairly high, in order that the train may perform its journey in the 
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shortest practicable time. The considerations standing in the way 
of a high initial acceleration are : — 

1. The Stress imposed on the Soiling Stock. — Thus the higher the 
acceleration employed, the stronger and heavier must be the rolling 
stock. 

2. The Comfort of the Passengers. — If, at the very first instant 
of starting, the acceleration is moderate, it can, after that, be 
rapidly increased to even 2 ml phps without undue discomfort 
to passengers, provided the alteration in the acceleration is accom- 
plished smoothly, i.e. uniformly. Consequently, consideration has to 
be given to the rate of accelerating the acceleration. But this is a 
refinement which, while it must be carefully kept in mind, need 
rarely concern us in preliminary calculations. 

3. The Effects on the Power House, the Line, and the Sub- 
Stations. — ^The higher the acceleration, the greater will be the 
instantaneous peaks of load on the system. With a large number 
of trains running on short headway, the peaks tend to overlap, and 
are consequently less noticeable, but with infrequent trains, these 
peaks of load constitute a serious objection to employing a high 
acceleration. 

4. The Effect on the Electrical Equipment on the Train. — The 
greater the acceleration, the greater is the instantaneous load on the 
train equipment, and the more severe are the conditions to which 
such parts as the commutators and brushes of the motors, and the 
contacts of the controllers or contactors, are subjected. Consequently, 
the employment of very high accelerations may in some instances 
necessitate heavier and more expensive electrical equipments than 
would otherwise be required. 

Notwithstanding these considerations, maximum accelerations 
well above one ml phps are commercially employed in the electrical 
operation of such trains as those on London's underground railways, 
as against accelerations of the order of 0*3 to 0*4 ml phps for 
equivalent ateam trains. Mr. Mordey has analysed the conditions of 
operation of the electric trains on the Liverpool Overhead Eailway, 
and has shown that on certain occasions the acceleration, 2 or 3 
seconds after starting, reached 2*8 ml phps.* In some tests, made 
in America by the General Electric Co. with a 65-ton train, the 
average acceleration during the first 5 seconds worked out at nearly 
3 ml phps.t But even so relatively low an acceleration as 1*5 ml 
phps has been criticised X as involving expensive and heavy rolling 

* ** Proceedings, Institution of Oivil Engineers," February, 1902. 

t " Transactions, American Institute of Electrical Engineers," vol. six. p. 844. 

I Mr. Boger Smith, in Bailway Oasette, February 5, 1909, p. 176. 
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stock construction to withstand the attendant stresses. Taking it all 
in all, however, it may be said that electrically-propelled passenger 
trains on well-built railways will usually be operated with a maximum 
of commercial advantage, when the average acceleration, during 
at least the first 10 seconds from starting, is &om 0*6 to 1*5 ml phps. 
For reasons which will be better understood at a later stage, the lower of 
these accelerations will be approached when the distance between 
stops is greater and the schedule speed lower, whereas, for short 
distances between stops, high schedule speeds are only possible when 
the higher of these accelerations is approached. The customary 
accelerations of steam-hauled passenger trains range from 0*2 to 0*4 
ml phps.* 

On the Continent, train speeds are expressed in km ph (kilo- 
meters per hour), and accelerations in m psps (meters per second 
per second). In Great Britain, train speeds are expressed in ml ph, 
and accelerations are expressed either in ml phps (miles per hour 
per second), or in ft psps (feet per second per second). The use, 
sometimes of the one and sometimes of the other of these last two 
units,, when expressing accelerations, is troublesome, but it seems 
unlikely that any uniformity will be arrived at in the near future. 
It is beyond aU question more convenient for practical railway calcu- 
lations, to express accelerations in ml phps, since this leads to great 
convenience in calculating. Thus, if a train has accelerated at the 
average rate of 1*2 ml phps for 9 seconds, its speed at the end of 
the 9th second is — 

9x1-2= 10-8 ml ph. 

In Table II. are given, for various units, equivalent values of speeds 
and accelerations* 

* " Gomparative Acoeleration Tests with Steam Locomotive and Electric Motor- 
cars," by B. J. Arnold and W. B. Potter. *' Transactions of the American Institute 
of IHectrical Engineers,*' vol. xix. p. 833. 
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Tablb n.— Oonybbsion Tabub iroB Sfbbd 


AND ACOSLaBAnON. 




MUesper 


Feet per 


Kilometers 


Meters per 
second 


• 


MUesper 


Feet per 


Kilometers 


Meters per 
second 


boar 


eeoond. 


per hour 
(km ph). 


hour 


second 


per hour 
(km ph). 


(mlph). 


(ftps). 


(mps). 


(ml ph). 


(ftps). 


(mps). 


MilMper 


Feet per 


Kilometers 


Meters per 


Miles per 


Feet per 


Kilometers 


Meters per 


boor per 


sec per 


per hr per 


sec per 


hour per 


sec per 


per hr per 


sec per 


seo. 


sec. 


sec 


sec. 


iS 


seo. 


sec 


see. 


sec. 


(mlpbps). 


(ft pspe). 


(kmphps). 


(mpsps). 


1 


(mlphpe). 


(ftpsps). 


(kmphps). 


(mpspe). 


oi 


01467 


0-1609 


0-0447 


10*28 


14-67 


16-09 


4*470 


0-1364 


0-2 


0-2194 


0-0610 




15 


16*46 


4*572 


0-2 


0-2984 


0-3218 


00694 




12 


17-60 


19*31 


6-86 


0*2728 


0-4 


0-4388 


0-1219 




12-42 


18-22 


^?94 


6*56 


0-8 


0-440 


0-4827 


0-1341 




13-64 


20-58 


610 


0*4 


0*5868 


0-6436 


0-1788 




14 


22*58 


6*26 


0-4091 


0-6 


0-6584 


0-1829 




15-58 


22-78 


25 


6-94 


0-6 


0-7385 


0-8045 


0-2285 




16 


23-47 


25*76 


7-16 


0*5454 


0*8 


0-8778 


0-2488 




17-05 


25 


27-48 


7-62 


0-6 


0-880 


0-9654 


0-2682 




18 


26-40 


28-97 


8-06 


0-6214 


0-9114 


10 


0-2778 




18-68 


27-84 


82-19 


8-38 


0-6818 


10 


1-097 


0-8050 




20v46 


29*88 


8-94 


0-7 


1-027 


1-126 


0-3129 




81^90 


82-91 


9-14 


0*8 


1-172 


1-287 


0-8576 




21-75 


85 


9*72 


0-8182 


1*2 


1-316 


0-3658 




22 


32*27 


85-40 


9*83 


0-9 


1-320 


1-448 


0-4028 




28-86 


85 


88-40 


10*67 


0-9545 


1*4 


1-586 


0-4267 




24 


35*2 


38*60 


10*73 


10 


1-467 


1-609 


0-447 




24*85 


86*45 


40 


11*10 


1-^ 


1*5 


1-646 


0-457 




26 


88*18 


41^84 


11*62 


1-242 


1-822 


2012 


0-556 




27*28 


40 


43*88 


12*19 


1*25 


1*838 


0-559 




27*96 


41H)1 


45 


12*60 


1-864 


20 


2194 


0-610 




28 


41*06 


45-06 


12*61 


1-6 


2-20 


2-414 


0-671 




30 


44-0 


48-28 


18-41 


1-705 


2*5 


2-743 


0-762 




80*68 


45 


49-88 


13-72 


1-75 


2-567 


2-816 


0*782 




81*06 


45-56 


61-50 


18*88 


1-868 


2-733 


30 


0-888 




82 


46-98 


14*30 


2-046 


2-980 


8-219 


0-894 




84 


49-87 


64-72 


15*20 


30 


3-291 


0-914 




84*09 


50Kt2 


64-86 


15-24 


2*25 


3-30 


8-622 


1-006 




34*18 


55 


15*27 


2-886 


8*5 


3-840 


1-067 




86 


52-80 


57-94 


1609 


2-484 


3-644 


40 


1-111 




37-27 


54-67 


60 


16*66 


2-6 


3-668 


4-028 


1-118 




87*5 


55 


60-36 


16*76 


2-728 


40 


4-388 


1-219 




88 


56-78 


61-16 


16*99 


2-76 


4-034 


4-426 


1-229 




40 


58-67 


64-37 


17*88 


3'0 


4-40 


4-828 


1-841 




40-40 


59*24 


65 


18-06 


8-068 


4-5 


4-938 


1-372 




40-91 


60 


65-84 


18-29 


8-107 


4-557 


50 


1-389 




42 


61*60 


67-59 


18-78 


8*25 


4-767 


5-230 


1-453 




43-49 


63*79 


70 


19-48 


8-409 


^••B 


5-486 


1-524 




44 


64*58 


70-81 


19-67 


8-6 


5-638 


1-565 




44-32 


65 


71-82 


19-81 


8*728 


5-47 


60 


1-667 




46 


67-47 


74-08 


20-56 


8-75 


5*5 


6035 


1-676 




46-61 


68-35 


75 


20-83 


^•0 


5-87 


6-437 


1-788 




47-73 


70 


76-81 


21-84 


8-8 


9-656 


2-682 




48 


70-40 


77-25 


21*46 


6-21 


9-11 


10 


2-778 




49-6 


72-90 


80 


22*21 


6-82 


Vl-78 


10-97 


3-048 




%9u 


78-88 


80*47 


22*35 


8 


12-87 


8-576 




75 


82-30 


22-86 


9-32 


18*67 


15 


4-167 




52 


76-27 


83-68 


23-25 
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Tabub n.— Oonvbbsion Tablb vob 


Sfbbd and Aogxlbbation— oo»^«e(2. 


MUesper 


Feet per 


Kilometers 


Meters per 
seoond 


1 

1 


Miles per 


Feet per 


KUonaeten 


Meters per 


boor 


aeoood 


per boar 
(km pb). 


bonr 


second 


per boor 
(kmpb> 


second 


(inlph> 


(ftpe). 


(mps). 


(mlpb). 


(ft pa). 


(mps). 


Miles par 


Feekper 


KilnmeteTS 


Meters per 


Miles par 


Feet per 
sec per 




Meters per 


boar per 


eeoper 


per br per 


sec per 


* 


boor per 


per br per 


sec per 


see. 


eeo. 


sec. 


sec. 


•S 


sec. 


sec. 


sec. 


sec. 


(mlphpe). 


(ftpn»). 


(kia pbps). 


(mpeps). 


''I 


(ml pbps). 


(ftpsps> 


(km pbps). 


(mpepa> 


62-82 


77-47 


85 


28*60 


90 


132-0 


144*8 


40*23 


54 


79-20 


86-90 


2414 




90*2 


132*1 


145 


40*2i3 


64-65 


82-01 


87-78 


24*88 




92 


134*9 


148*0 


41*13 


66-61 


90 


24*99 




92*06 


185 


148*1 


41*16 


56 


82*18 


90-12 


26*08 




93*18 


136*7 


%?.s 


41*64 


67-96 


85 


98-27 


26-91 




94 


137-9 


42*02 


58 


86-07 


98*84 


26*93 




96*46 


140M3 


158*6 


42*67 


6908 


86*68 


95 


26*89 




96 


164*6 


42*91 


60 


88-0 


96*66 


26*82 




96*3 


141-3 


155 


43*06 


61-86 


90 


98*76 


27*48 




98 


143-7 


167*7 


43*81 


62 


90-98 


99*78 


27*72 




98*9 


145 


159*1 


44*19 


62-14 


9114 


100 


27*78 




99*4 


146-8 


I60 


44*48 


64 


98*87 


1&?0 


28*61 




'8? 


146-7 


160*9 


44*70 


64-77 


95 


104*2 


28*96 




149*6 


164*2 


45*60 


66-24 


96-7 


105 


29*17 




102*3 


'§S^. 


164*6 


45*72 


66 


96*8 


106*2 


29*60 




102*6 


165 


46*83 


68 


99*7 


109*4 


80*40 




104 


162-5 


167*4 


46*49 


68-18 


100 


109*7 


80*48 




105*6 


154*9 


'W-i 


47*22 


68-84 


10% 


112*7 


80-64 




106*7 


155 


47*24 


7?i.« 


102*7 


81*29 




106 


165-6 


170*6 


47*39 


104*8 


115 


81*94 




108 


168*4 


173-8 


48*28 


71-69 


105 


116*2 


8200 




108*7 


169*5 


175 


48*61 


72 


106-6 


116-9 


82*19 




109*1 


160 


176*6 


48*77 


74 


108-6 


119-1 


88*08 




110 

111*8 


161/3 


177*0 


49*17 


74-66 


109*8 


'§i?T 


88*82 




164*0 


ISO 


50 


76-0 


ilQ 

111-6 


88*63 




112 


164*3 


180*2 


50*07 


76 


122-8 


83*97 




112-6 


165 


181*1 


60*29 


77-67 


118*9 


125 


84*72 




114 


167*2 


188*5 


50*96 


78 


114-4 


126*6 


34*87 




115 


168*6 


185 


61*39 


78-41 


115 


126-2 


86*06 




116*9 


170*1 


186*6 


51*81 


80-77 


117-8 


128*7 


86*76 




116 


186*7 


51*86 


118*4 


130 

181*7 


3610 




118 


173*1 


189*9 


52*76 


81-82 


■e^s 


36*67 




118*1 


173*2 


•?^i 


52*78 


82 


182*0 


86*66 




119*3 


175 


53*34 


88-89 


128-0 


185 


87*60 




121/2 


1760 


193*1 


63*64 


84 


128-2 


186*2 


87*66 




177*7 


195 


54*17 


86-28 


125 


187-2 


3810 




122 


178*9 


196*3 


64*54 


86 


126-1 


188*4 


38*44 




122*7 


180 


197*6 


54*86 


86-98 


127-6 


140 

141/6 


38*87 




124 


181*9 


199*6 


55*43 


88 


129-1 


39*34 




124*3 


182*3 


^•9 


65*56 


88-64 


130 


142*6 


39*62 




125 


183-8 


65*88 



In practical calculations it is rarely necessary to take into account 
the slight deviations from a constant value of the acceleration during 
|}he first few seponds after starting the train^ This first section of tjh^ 
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speed-time diagram may consequently often be taken as practically 
a straight line. The straight-line portion is followed by a curved 
portion corresponding to a rapidly decreasing acceleration until, 
finally, a substantially constant speed is reached. This is shown in 
Fig. 5. 

It is seen that in the example chosen, the substantially constant 
speed may be considered to have been attained at the end of 70 
seconds, and is of the value of 35 ml ph. This maximum speed 
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iFiG. 6.— Portion of a Speed-time Diagram up to Point of Crui Speed, 

attained during any run may be designated as the crest speed. The 
second section of the speed-time diagram, i.e. the section extending, 
in this case, from the 20th to the 70th second, is, for reasons which 
will be apparent later, termed the section corresponding to " running 
on the motor characteristic." In our example, the " straight-line " 
acceleration lasted for 20 seconds and was of the value of one ml phps. 
The " motor characteristic " acceleration lasted for 50 seconds and 
had the average value of — 

— ^ — 5= 030 ml phps. 
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The shape of the portion of the curve corresponding to running 
on the '* motor characteristic" is dependent on the design and 
type of the motor, and is not amenable to simple calculation.* If 
electricity continues to be supplied to the motors, the train will 
continue to accelerate slightly for a considerable time — say two 
to five minutes — and will not reach a constant speed until the 
power delivered to the wheels equals the power required to overcome 
the resistance to motion (i.e. the train-friction) at that speed. It is 
therefore seen that this constant speed running, only applies to 




40 60 

77/ne //» 

Fig. 6.— Portion of ft Speed-time Diagram up to Point of " Cvi o/." 

relatively long runs, but, in order to introduce into our speed-time 
diagram a part representative of this condition, we will assume that 
a substantially constant speed has been attained, and the train may 
be regarded as continuing to run at this speed for a short time, which, 
in the present instance, we may take as 10 seconds. Consequently, 
the shape of the speed-time diagram up to the 80th second from 
starting the train is that shown in Fig. 6. At this point, the electricity 
is Gilt off and the train is allowed to decrease in speed under the 






* The " motor characteristio " is disoussed more folly in Chapter X. p. 182. 
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II 



retarding influence of friction. The train is said to ''coast" or 
"drift." This " coasting " section of the speed-time diagram will 
usually be maintained until the train has nearly arrived at the point 
of the route where it is desired that it should stop. Let us assume, 
for our example, that the train coasts for 20 seconds. At the con- 
clusion of the 20 seconds the speed will have fallen a smaU amount, 
the precise value of which is dependent upon the train-friction in 
any particular case. The fall in speed, with good rolling stock and 
track, is usually of the order of some 007 ml phps ; i.e. the train- 
friction occasions a deceleration of 0*07 ml phps. Consequently, in 
our example, the speed at the end of the 100th second, i.e. at the 
end of the coasting section, will be — 



as shown in Fig. 7. 



(35 - 20 X 0-07 =)33-6 mlph, 
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Fig. 7.— Portion of a Speed-time Diagram up to point of AppUcatwn of Brakes. 



The next and final section of the speed-time diagram is that 
during which the brakes are applied until the train is brought to rest. 
Let us, for example, consider that the brakes are applied with such 
a pressure as to occasion a deceleration of 1'5 ml phps. This is a 
deceleration which, if maintained uniform, does not involve discomfort 
to passengers. The duration of the " braking" section of the speed- 

(33*6 \ 
_- = j22*5 seconds, as shown in Fig. 8. In 

normal services of city and suburban passenger trains, the brake 
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system is usually so operated as to occasion a deceleration of from 
1 to 2 ml phps. The present tendency is toward still higher values 
of the deceleration. 




0O 'so 400 



20 40 

Fig. 8.— Oomplete Speed-time Diagram. 



P$0 



We now have the complete speed-time diagram. The run from 
start to stop has been accomplished in 122*5 seconds. The distance 
traversed may be obtained by the steps shown in Table III. 

Tablb m.— Data obtaibbd fbom thb Sfbbd-timx Diagbam of Fig. 8. 



Section. 


Duration 
<8eoondB). 


Moan speed 
(mlpb). 


Dlatanoe ooyered. 


(mile). 


(m). 


" Straight-line " aooeleration . 
" Motor-characteristio " . 
Oonstant speed .... 
Coasting (or drifting) 
Braking 


20 
60 
10 
20 
22*6 


lOO 
80-2 
860 
848 
16*8 


0*0666 

0-420 

00976 

0-190 

0-1060 


89-2 
676-0 
166-5 
805-5 
168*8 


Total 


122-5 


— 


0-868 


1895 



Thus, a total distance of 0868 mile is coTered in 122*5 seconds. 
The average speed is consequently — 

3600 X 0-868 „-.- . , 
j22^5 = 25-5 ml ph. 
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The mean speed from start to stop is termed the avercbge speed. 
But the mean speed between two successive starts, ie. the mean 
speed indudiiig the time during which the train is at rest, is termed 
the schedule speed. Thus, in the case of our example, if a 20-second 
stop is made at each station, then the time elapsing between successive 
starts (or stops) is 122*5+20 = 142*5 seconds, and the schedule speed 

3600x0^168 ^ 21.9 ml ph. 
142*5 

As characteristic of the particular speed-time diagram which we have 
taken for our example, we have — 

Crest speed 35*0 ml ph. 

Average speed 25*5 „ 

Schedule „ 21*9 ,^ 

It is interesting to observe that in order to obtain a schedule speed 
of 21*9 ml ph it has been necessary to employ a crest speed of 36*0 
ml ph. The crest speed is, in this case, 1*60 times the schedule 
speed. The crest speed is also 1*37 times the average speed. 

The value of the ratio of the crest to the average speed is of great 
interest, and is a rough measure of the severity of a service. The 
higher the speed and the shorter the distance between stops, the 
greater must be the ratio of the crest to the average speed, and the 
more severe is the service. The ratio of the crest to the average 
speed does not depend exclusively on the average speed and the 
distance between stops, but also depends on the acceleration during 
starting and the deceleration during braking, the ratio being lower 
the higher the acceleration and deceleration. The subject of the 
ratio of the crest to the average speed is considered thoroughly in 
subsequent chapters. 

In the speed-time diagram which has been employed as an 
example in the preceding pages (see Fig. 8), straight-line acceleration 
has been maintained up to 57 per cent, of the crest speed. This 
particular diagram has been convenient in serving the purposes of 
explaining the fundamental ' principles involved, but in practice 
straight-line acceleration often extends up to only some 50 per cent., 
or even less, of the crest speed. Moreover, for a service with frequent 
stops and high schedule speed, there is seldom an interval of running 
at constant speed. For such a service, certain rational assumptions 
are made as to the accelerating, coasting, and braking rates, and 
these are employed in constructing a representative speed-time 
diagram. In operating the train, it is usually economical to cut off 
the electricity immediately on the attainment of the crest speed 
given in the representative diagram. This speed will usually be well 
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below tiie maximum speed which would be atttdned by running 
longer on the "motor curve," but ancb relations depend on many 
conditions, which hare to be taken into account when specifying the 
equipment for any particular service. 

A 8peed-time tut^am is shown in Fig. 9 which is typical for 



Time lit aecenda. 
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electric train operation under rather severe conditions, and which has 
no interval of running at constant speed, electricity being cut off 
48 seconds from the start, and the train allowed to drift for the 
next 45 seoonds, with consequent decrease in speed due to train 
resistance. The brakes are then applied, and the train is brought to 
rest 110 seconds from the instant of starting. 
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In Fig. 11 is given a speed-time diagram for a steam train 
operating over a route of the same number of stops per mile (that is, 
with the same distance between stops). The low acceleration shown 
in the diagram is typical of a steam-hauled train. The crest speed is 
the same in Fig. 11 as in Fig. 9, but, as a consequence of the lower 
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Fio. 11.— Speed-time Diagram for a Steam Train performing the same Journey as 

the Electric Train of Fig. 9. 




Dttmbiort of ftun '/40 seconds- 



Fig. 12. — Area equal to that enclosed hy the Diagram in Fig. 11, and therefore 
representing the Distance covered during the Bun. 



acceleration of the steam train, its speed from start to stop, i.e. its 
average speed, is much less than that of the electric train. 

The distance from start to stop may be found from a speed-time 
diagram by measuring its area, either by means of a planimeter or 
else by obtaining the average ordinate for the entire diagram (which 
is, of course, equal to the average speed, in ml ph, from start to stop), 
and multiplying by the time, expressed with the hour as unit. Thus, 
from the diagrams of Figs. 9 and 11, the data set forth in Table lY. 
may be obtained — 
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TABLB IV.— DA.TA OBTAHnBUO VBOX FlQB. 9 AND 11. 



Ayerage speed (ml ph) a 

Time trom start to stop fseoonds) 

„ „ (hour) 6 

Distanoe from start to stop (mile), axb 
Do. im)axbx 1609 .... 
Orest speed (ml ph) . 
Batio of crest to average speed 



Eleotrio Tralo 


Sleun Train 


(FJg. »> 


(Fig. 11). 


22-8 


17-9 


110 


140 


(yosos 


0*0889 


0*698 


0*698 


iiao 


1120 


80 


80 


1*82 


1*68 
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EiG. 18. — Initial Acceleration Periods of Speed-time Diagrams for the Electric and 

Steam Services of Figs. 9 and 11. 
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In Figa. 10 and 12 the two rectangles are respectively equal to 
the areas of the apeed-time diagrams of Figs. 9 and 11. In these 
rectangles the ordinates equal the average speeds and the abscissae 
equal the times required to cover the distance from start to stop. 
Since the distance is the same in the two cases, the areas of these 
two rectangles are equal. Obviously, then, the time (represented by 
the length of the base of the rectangle) which is required to traverse 
a given distance is inversely proportional to the average speed 
(represented by the he^ht of the rectangle) maintained during the 
journey. 

The distance tcom the start which has been traversed up to any 
particular instant of the journey may be obtained by estimating 
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Via. 11. — IMstenoe-time Oorvea oonespondiiig to Flga. 9 and 11. 



the area of that portion of the diagram lying to the left of the 
ordinate corresponding to the instant in question. Thus, the dis- 
tances covered during the first 20 seconds from the start in Figs. 9 
and 11 are equal to the two areas shown in Fig. 13. The avenge 
ordinates of these two areas are respectively 11*2 and 4*0, i.e. 
the average speeds for the first 20 seconds &om the start are 
respectively — 

For Electricity .... 11-2 ml ph 
„ Steam , . , , 4'0 ml ph. 
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The corresponding distanoes are — 

20 
For Electricity, 11'2 x gg^Q X 1609 = 100 m 

20 
„ Steam, 4*0 X gg^^ X 1609 = 36 m. 

In this way, curyes may be derived in which distances (in m) 
are plotted as ordinates against time (in seconds) as abscissae. The 
distance-time curves corresponding to the speed-time diagrams of 
Figs. 9 and 11 are plotted in Fig. 14. 

Examples. 

1. If a train is accelerated for 8 secoDds at the rate of 1*2 ml phps, what is its 
spetfd at the end of the 8th second ? Ans. 9*6 ml ph. 

2. What most be the average acceleration of a train for the first 20 seconds from 
the start if its speed at the end of that time is 18 ml ph ? Ans. 0*9 ml phps. 

3. What accelerations are usually employed on electric city and suburban rail- 
ways operating with frequent stops? Arts. 0*8 to 1*5 ml phps. 

4. Ditto wlien the trains are nauled by steam locomotives ? 

Ans, 0*3 to 0*6 ml phps. 

5. What circumstances limit in practice the acceleration of electric city and 
suburban trains ? Ana, (As in text, p. 5). 

6. What is the customary rate of braking of electric trains r 

Ans, 1*5 to 2*0 ml phps. 

7. What deceleration is caused on a good level permanent way by the train 
friction when the supply of electricity is cut off and the train drifts? 

Ans. Some 0*07 to 0*09 ml phps. 

8. If in a certain instance train friction occasions a deceleration of 0<)7 ml 
phps, and if, when the train is running at a speed of 30 ml ph, the supply of 
electricity is cut off, what will be the speed of the train after it has '^ drifted '* for 
50 seconds ? Ans. 26*5 ml ph. 

9. For how many seconds would the train run, assuming the deceleration remained 
constant, if it were allowed to drift until it came to rest? Ans. 429 seconds. 

10. What distance would it cover m this time? 

Ans. 1*79 mile («.e. 2880 m). 

11. When a train is running at a speed of 20 ml ph at the moment the brakes 
are applied, and it is desired to bring the train to rest m 15 seconds, what average 
deceleration must be occasioned by 9ie brakes ? Ans. 1*33 ml phps. 

12. What distance will be covered, in this case, during the 15 seconds of appli- 
cation of the brakes? Ans. 0*042 mile (t.6. 67*6 m).* 

13. When the schedule speed of a train is 15 ml ph and there is 1 stop per mile, 
and if each stop is of 20 seconds* duration, what is the average speed of the train ? 

Ans. 16*4 ml ph. 

14. Plot a diagram, with distances as ordinates and times from start as abscissae, 
corresponding to ttie speed-time diagram of Fig. 8. 

15. If, instead of as in Fig. 8, the deceleration from the 100th second until the train 
came to rest had been maintamed at the constant value of 0*50 ml phps, (i.) what would 
have been the duration of the journey, from start to stop, in seconds? (ii.) What 
distance would have been covered ? (iii.) What would have been the average speed ? 

Ans. (i.) 167*3 seconds ; (ii.) 1-077 mile (t.e. 1730 m) ; (iii.) 23*3 ml ph. 

16. Plot the complete speed-time diagram and also a distance-time curve 
corresponding to the conditions of the last question. 



CHAPTER II 



THE INFLUENCE OF TEE NUMBER OF STOP 8 FEB MILE, 
AND OF THE DURATION OF EACH STOP 

It is of the utmost importance, as affecting the earning capacity of a 
railway, that, for short and fast runs, the stops at stations shall be 
of the shortest practicable duration. To illustrate the importance of 
this point, let us consider the case of a train stopping every half mile, 
and operated with an average speed of 22 ml ph. If the stops were 
of seconds duration, the schedule speed would be 22 ml ph. 

The train stops every half mile. Consequently, the time occupied 
by a single run from start to stop is — 

22 X 3600 = 82 seconds. 

If the duration of each stop is 10 seconds, then the time from start to 
start is— 82 + 10 = 92 seconds, 

and the schedule speed will be only — 

oo 

^ X 22 = 19-6 ml ph. 

With 20-second stops the schedule speed will be reduced to — 

^ X 22 = 17-7 ml ph. 

Making similar calculations for stops of other durations, we arrive at 
the values set forth in Table V. — 

TaBUB Y. — ImBTiXJBNOB OF DXTBATION OF STOP ON THE SCHBDUItE SpBBD FOB AN 
AVBBAGB SfXBD OF 22 ML FH, AND FOB A LSSNQTH OF BUN OF 0*6 MiLB. 











Percentage by 


ATenge speed 
(mlph> 


Lengih of rnn 
(mile). 


Duration of itop 
(seconds). 


Schedule speed 
(ml pb). 


wbicb the sobednle 

the ayerage speed 
(per cent.). 










22 


0-6 





22*0 





22 


0-6 


10 


19-6 


11-0 


22 


0-6 


20 


17-7 


19-5 


22 


0-5 


80 


161 


26-8 


22 


0-6 


40 


14-8 


82-7 


22 


05 


50 


13-7 


87-7 


22 


0-6 


60 


12-7 


428 
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With less frequent stops, i.e. with longer runs, the influence for the 
same average speed is much less pronounced. Thus, for 1 stop per 
mile, and an average speed of 22 ml ph, the results are shown in 
Table VI.— 

Table VI. — ^Influbnob of Duration of Stop on thb Sghbdulb Spbbd fob an 
Aybbaob Spbbd of 22 ml ph, and fob a Lbnqth of Bun of 1 Mile. 











Percentage hy 


Average meed 
(miph). 


LenRth of run 
(mile). 


Duration of stop 
(aeoonda). 


Schedule speed 
(ml ph). 


which the schedale 

speed is lees than 

the average speed 

(per cent). 


22 


10 





220 





22 


10 


10 


20*8 


5-5 


22 


10 


20 


19-6 


11-0 


22 


1-0 


80 


18-6 


16-6 


22 


1-0 


40 


17-7 


19*5 


22 


10 


60 


16-9 


28*2 


22 


10 


60 


161 


26-8 



The effect is also less serious the lower the average speed. Thus, with 
2 stops per mile, and an average speed of only 11 ml ph, the results 
are as shown in Table VII. — 

Table VIE. — ^Influbnob of Duration of Stop on the Schedule Speed fob an 
Aybbaob Speed of 11 ml ph, and fob a Length of Bxtn of 0*5 Mile. 











Percentage by 


Ayerage speed 
(mfph). 


Length of ran 
(mile). 


Duration of stop 
(seconds). 


Schedale speed 
(ml ph). 


which the schedule 

speed is less than 

the average speed 

(per cent.). 




0-5 





11-0 







0-5 


10 


10*4 


6-5 




0-5 


20 


9-80 


'11-0 




0-5 


80 


9-80 


15-5 




0-5 


40 


8-85 


19-5 




0-5 


50 


8-45 


23-2 




0-5 


60 


805 


26*8 



In Fig, 15 are plotted, for various durations of stop, curves with 
schedule speeds as ordinates and average speeds as abscissae, for a 
1-mile run from start to stop. From these curves we see that while, 
with 10-second stops, a schedule speed of 250 ml ph requires an 
average speed of 27*0 ml ph, the corresponding average speed when the 
stops are of 30 seconds' duration is 31'5 ml ph. In Fig. 16 ordinates 
and abscissae still represent respectively schedule and average speeds, 
but each curve relates to some stated distance between stations. The 
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fall-line curves all relate to 10-second stops, and the dotted line curves 
all relate to 30-seeond stops. 

It has been found by experience that for such cases as the London 
underground railways the averc^ duration of stop need not exceed 
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Fia. 15. — Belation of Sohednle to Average Speed for Various Durations of Stop 

for a l-mile Bun from Start to Stop. 

20 seconds ; at certain stations and times the stops must be longer, at 
others they ma^ be shorter. 

The values in Tables V., VI., and VIL, and the curves in Figs. 15 
and 16, have been derived by starting from a given average speed and 
calculating the schedule speed. The reverse process, where the required 
schedule speed is given, and it is desired to ascertain the corresponding 
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avtrcufe speed, may be carried out by reading off the values from curves 
such as those of Figs. 15 and 16, or by calculations of the following 
type. 
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Fig. 16. — Belation of Sohedule to Average Speed for Various Lengths of Bun 

with lO-second and SO-second Stops. • 

10 seconds FuU line curves. 

so seconds Dotted line curves. 

Take the case of a schedule speed of 15 ml ph and one stop per 
mile. The time from start to start will be — 

.., ^ = 240 seconds. 

With a 10-second stop, the time from start to stop must be — 

240 - 10 = 230 seconds. 
Consequently, the average speed is — 

240 
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X 15 = 15*7 ml ph. 
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Fof a given schedule speed, the number of stops per mile constitutes 
a very important factor as bearing upon the severity of the service, 
owing to the extent to which it affects the ratio of the crest to the 
avera^ speed, and also (as we shall see in following chapters) the 
energy consumptiou per ton-mile. 

It is profitable at this point to anticipate for a moment and draw 
attention to the two curves in Fig. 17. These curves relate respectively 
to runs of 0*5 mile and 1 mile between stations, and show the 
dependence of the highest schedule speed attainable in practice on 
the duration of each stop. The curves are based on 1*6 ml phps as 
the mean of the acceleration and deceleration, and the crest ap^d is 
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taken as about 1'7 times the average speed. These, while attainable, 
are rather extreme conditions, and commercial limitations would 
usually lead to decreasing by from 10 per cent, to 20 per cent, the 
values to which the carves are plotted. The carves serve, however, 
to show very clearly the importance of operating trains for a city 
and suburbEua service with as brief stops as possible at stations. 

It is usnally assumed that " moving platform " schemes of pas- 
senger transportation are impracticable. While grave difficulties are, 
of course, inherent to such schames, there are, nevertheless, strong 
grounds for giving them careful consideration. Thus, £rom Fig. 17 
we see that for 0'5-mile nma between stops, and with 20-Becond 
stops, the highest practicable schedule speed is some 20 ml ph. As a 
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matter of fact, the commercial limit is more like 17 ml ph. A train 
operating to a schedule speed of 17 ml ph makes — 

17 

^ =s 34 stops per hour. 

Consequently, the train is at rest for (34 X 20 =:)680 seconds out of 
the 3600 seconds in one hour, and its average speed is — 

jvTwJ^^^/v X 17 = 21-0 ml ph. 
3600 - 680 *x V mi ^M±. 

Its crest speed wiU be some (1*6 x 21*0 =s)33-6 ml ph. If the 
train weighs 200 tons, then the engineering proposition involves 
imparting to a weight of 200 tons a speed of 33*6 ml ph, and bring- 

Q. agjl06 seconds, and the 

result consists in being able to transport passengers at 17 ml ph. 
The moving-platform alternative for transporting passengers at this 
same speed, only involves a maximum speed of any moving part of 17 
ml ph. Even \i there were required t^ee other platforms, moving 
respectively at 15, 10, and 6 ml ph, these platforms need not extend 
over the entire route. Indeed, they may be confined to stations, and 
may be concentric platforms moving over an elliptical route, and 
surrounding an island platform to which the passengers gain access 
by lifts or stairs. A system of this sort might ultimately lead to 
such sound engineering solution (as the result of the study of successive 
constructions) as to ultimately result in running trains at a constant 
speed — say, 17 ml ph — and arranging for the passengers to embark 
and disembark from travelling platforms at the stations. The only 
energy required in such a system is that employed in overcoming 
friction. The enormous amount of energy required in a high-speed 
service with frequent stops, for imparting momentum to the train, 
many times per hour, would be saved. Of course, instead of platforms 
at the station, moving over an elliptical route, other arrangements 
might be adopted, such as platforms in forms resembling endless belts, 
those portions which, for the time being, constitute the upper side 
being accessible to the passengers. Whfle various types of moving 
platforms are already familiar accessories of modem life, nevertheless, 
these suggestions are not made with the serious thought of their 
early realization, but simply for the purpose of preparing the reader 
to better appreciate that the bulk of the energy consumed in train- 
propulsion is, in high-speed, frequent-stop services, required to supply 
train momentum, and with present methods, a very large part of the 
energy of momentum is ultimately wasted at the brake-ehoes, as heat. 
The subject is given thorough consideration in subsequent chapters. 
For the present it may be stated that whereas a train travelling at 
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a constant speed of 17 io^ ph need not consume, at the outside, more 
than some 18 w hr per ton-mile, the maintenance of a schedule 
speed of 17 ml ph, with 2 stops per mile, would involve a consumption 
of at least 90 w hr per ton-mile, i.e. a consumption at least 5 times 
as great per ton-mile as the constant-speed proposition. 

K the total weight of the ordinary (17 ml ph) stopping-train 
is 200 tons, some 15 per cent, of this weight — or, say 30 tons — 
represents the weight of the electrical equipment, and 170 tons 
represents the we^ht of the trucks, under-frames, and coach bodies. 
Owing to the far lower stresses in a constant-speed train, the weight 
of the trucks, under-frames, and coach bodies would, for the same seat- 
ing capacity, be not more than, say 120 tons, and the weight of the 
electrical equipment would come down to less than 5 tons, making the 
total weight of the constant-speed train not over 125 tons. The cost 
of the two trains would be some £16,000 and £10,000 respectively. 
The £6000 saved in the capital cost per train will go far to defray the 
iuiditional capital outlays at stations. The train consumptions will, 

90 X 200 
in the two cases, be respectively — :r7r?rx — = 180 kelvins * per 

18 X 125 
train^mile for the stopping-train, and — y^Tn?) — ^ ^^^ kelvins per 

train-mile for the constant-speed train. 

At a price at the train, of 0'8d. per kelvin, the outlay for 
electricity for propelling the trains will be respectively — 

l^'4d. per train-mile for the stopping-train, and 
l'8d. „ „ „ constant-speed train. 

The electricity consumed in operating the apparatus at the stations 
would hardly be likely to exceed 3'Od. per train-mile, thus leaving 
a saving on the outlay for electricity of — 

14-4 - 3*0 - 1*8 = 9-6rf. per train-mile. 

I wish again to state emphatically that I am not to be understood 
as putting forward such propositions as commercial. There are 
many drawbacks, amongst which the engineering difficulties, while 
not insuperable, are certainly great. The savings in one direction 
might easily, as the result of a really thorough comparison, be much 
more than off-set by the increased outlays and operating costs in 
other directions. I have drawn attention to the future possibilities 
of such projects, with the present purpose of preparing the reader's 
mind to grasp certain important conclusions which will be dealt 
with in subsequent chapters. Two amongst these conclusions are — 
I. The preponderating influence of the momentum in problems 
relating to high-speed trains making frequent stops. 

* One kelyin equals one kw hr, i.e. 1000 w hr. 



CHAPTER III 

THE PBEPONBERATINQ INFLUENCE OF MOMENTUM IN A 

8ERVIGE WITH FREQUENT STOPS 

Fob long runs with but few stops, the energy required to propel 
the train is mainly devoted to overcoming Gaetixm. But this is 
not the kind of service for whidi electrical operation offers much, 
if any, advantage over steam operation, except in special cases, such, 
for instance, as to do away with smoke in tunnels, and to traverse 
routes with heavy grades. The most appropriate field for railway 
electrification is at present for services of very frequent trains, 
operating at fairly high speed and with frequent stops. For this 
class of service, only a small portion of the energy employed in 
propelling the train is required to overcome friction. Most of the 
energy is employed to impart momentum to the train during the 
acceleration period, and is subsequently transformed into heat during 
the coasting and braking periods, i.e. during those periods when 
the supply of electricity has been "cut off." Thus we shall find 
that certain very important aspects of the problems involved are 
best understood by first assuming the imaginary case where the 
train has no friction other than the friction between the brake-shoes 
and the wheels. Let us further assume that the controller arrange- 
ments are such that we have " straight-line " acceleration right up 
to the crest speed. With these two assumptions, our speed-time 
diagram consists of only three sections, as shown, for a hypothetical 
case, in Fig. 18. 

In this hypothetical case, the first section occupies 24 seconds, 
and is devoted to " straight-line " acceleration at the rate of 1 ml 
phps. Thus, at the end of 24 seconds the speed is 24 ml ph. 
The electricity is then cut off, and the train drifts. Since it is 
assumed that there is no friction prior to the application of the 
brakes, the train continues running at constant speed. This 
"drifting" section is continued for 25 seconds. At the end of 
the >(24 + 25 = )49th second from the start the brakes are applied 
at such a pressure as to decelerate the train at the rate of 1*5 ml 
phps. Consequently, since the train's speed is reduced every second 

hy 1-5 ml ph the train will be brought to rest ^J:^ = )l6 seconds 

27 
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II. Consequent npon Conclusion I. follows the Becond conclusion, 
namely, that for high-speed trains making fitaqnent stops, it is of 
great commercial advantage to employ Bach systems of propulsion 
as shall, other things being equal, consist with low total weight of 
train for a given seating capadity. 

Examples. 

1. On a railway with an average distance of one mile between successive 
stations, the schednle speed is 24 ml ph, and the duration of stop is 10 seconds. 
From Fig. 15, find what duration of stop can be permitted in order to obtain the 
same schedule speed of 24 ml ph when the average speed is increased to 
30 ml ph. Ans, 30 seconds. 

2. An average speed of 20 ml ph and one 20-8econd stop per nule correspond 
to a schedule speed of 18 ml ph. Find the effect on me schedule speed of 
doubling the average speed and duration of stop. 

An$, Schedule speed, 27*5 ml ph ; Ratio of average to schedule speed, 1*45. 

3. Passing from a suburban line with stations every 0*5 mile, a train enters 
a section with stops every two miles. Find the possible reduction in the average 
speed if the duration of stop is constant at 30 seconds, and the schedule speed 
constant at 20 ml ph. (Use Fig. 16.) 

* Ans. 30 ml ph to 21*8 ml ph ; 27 per cent reduction. 

4. A train is timed to traverse a 2-mile section in 5 minutes, but it has to 
make two stops at signals, of 10 seconds' and 30 seconds* duration respectively. 
What is the actual average speed? Compare with the average speed for the 
normal run. 

Ans. 27*2 ml ph ; normal, 24 ml ph ; 13 per cent, increase. 

5. Find from Fig. 15 the average speeds required on a 1-mile run to give 
a schedule speed of 26 ml ph when the stops are 15, 25 and 35 seconds 
respectively. Ans. 29*5, 32*0, 35*0 ml ph. 

6. The distance between two stations is 1000 m, and has to be covered in 
2 minutes, which includes a 30-second stop. Find the schedule and average 
speeds. Ans. 18*6; 24*9 ml ph. 

7. For 0*5, 1 and 2-mile runs determine the ratios of schedule to average speed 
for stops of 10 seconds and 30 seconds, at a constant schedule speed of 24 ml ph. 

Ans. (10 seconds) 0*975 ; 0*930 ; 0*864. (30 seconds) 0*910 ; 0*80 ; 0*60. 

8. Eepeat question 7 for other schedule speeds and plot a series of curves 
for 10 and 30-second stops, and 0*5, 1 and 2-mile runs, taking schedule speeds as 
abscissae and the ratios of schedule to average speed as ordinates. There will be 
6 curves in all. 

9. From these curves ascertain the ratio of schedule to average speed for a 
1-mile run with a 30-second stop, and a schedule speed of 21 ml ph. 

Ans. 0*82. 



CHAPTEE III 

THE FREPONDERATINQ INFLUENCE OF MOMENTUM IN A 

SERVICE WITH FREQUENT 8T0F8 

Fob long runs with but few stops, the energy required to piopel 
the train is mainly devoted to overcoming fdctkn. But this is 
not the kind of service for whidi electrical operation ofifers much, 
if any, advantage over steam operation, except in special cases, such, 
for instance, as to do away with smoke in tunnels, and to traverse 
routes with heavy grades. The most appropriate field for railway 
electrification is at present for services of very frequent trains, 
operating at fairly high speed and with frequent stops. For this 
class of service, only a small portion of the energy employed in 
propelling the train is required to overcome friction. Most of the 
energy is employed to impart momentum to the train during the 
acceleration period, and is subsequently transformed into heat during 
the coasting and braking periods, i.e. during those periods when 
the supply of electricity has been " cut off." Thus we shall find 
that certain very important aspects of the problems involved are 
best understood by first assuming the imaginary case where the 
train has no friction other than the friction between the brake-shoes 
and the wheels. Let us further assume that the controller arrange- 
ments are such that we have '' straight-line " acceleration right up 
to the crest speed. With these two assumptions, our speed-time 
diagram consists of only three sections, as shown, for a hypothetical 
case, in Fig. 18. 

In this hypothetical case, the first section occupies 24 seconds, 
and is devoted to *' straight-line " acceleration at the rate of 1 ml 
phps. Thus, at the end of 24 seconds the speed is 24 ml ph. 
The electricity is then cut oif, and the train drifts. Since it is 
assumed that there is no friction prior to the application of the 
brakes, the train continues running at constant speed. This 
''drifting" section is continued for 25 seconds. At the end of 
the >(24 + 25 = )49th second from the start the brakes are applied 
at such a pressure as to decelerate the train at the rate of 1*5 ml 
phps. Consequently, since the train's speed is reduced every second 

by 1'5 ml ph the train will be brought to rest (=^ = )l6 seconds 

27 
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after the instant of application of the brakes* Thus, at the end of 
the (24 + 25 + 16 = )65th second from the start, the train is brought 




/o 20 SO 40^ SO ao TO eo 

Fig. 18. — ^Hypothetical Speed-time Diagram assmning no Track Friction. 

to rest. The distance traversed may be obtained as shown in 
Table VIII.— 



Table YIII. — Data obtainibd fbom thx Sfj^bd-tdob Diaqbam of Fig. 18. 



Section. 



'* Straight-line '* acceleration 
Drifting ... 
Braking . . . . 



Total 



DnrAtlon 
(seconds). 



24 
26 
16 



66 



Mean speed 
(ml pn). 



12 
24 
12 



Distance covered 
(mUee). 



0-080 
0*166 
0-064 



0-90 



A total distance of 0*30 mile is thus traversed in 66 seconds. The 
average speed for the entire run from start to stop is consequently — 

^^ X 0-30 = 16-6 ml ph. 
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Taking the duration of each stop as 20 seconds, we find that the 
schedide speed is — 

g5^Xl6-6 = mialph. 

Dnring the first section of each run (i.e* the section devoted to 
"straight-line" acceleration), a speed of 24 ml ph is imparted to 
the train. This is the period during which the electric motors on 
the train absorb energy from the line. Let us investigate the 
amount of energy which is stored up in the train during this period. 
In imparting to one ton a given speed S (expressed in ml ph), E, 
the energy of translational momentum expressed in w hr, which is 
absorbed by the ton, may be obtained from the formula — 

E = 0-0278 S^ ♦ 

In our case, where the crest speed is 24 ml ph, the energy 
stored up as momentum per ton weight of train, in virtue of the 
translcUional motion, is consequently — 

(0-0278 x24«=}16-l whr. 

In virtue of the momentum of the rotating parts, such, for instance, 
as the wheels and the armatures of the motors, i.e. in virtue of the 
energy of rotational motion, the total energy of momentum per ton 
weight of train will be some 9 per cent, greater than the above 
valucf 



* The formula may be derived as f oUows : — 

weiizlit in kff 
Energy of momentum in kg m = } X — ck'Ct\ — ^ (speed in m ps)*. 

.". For a weight of one ton (1000 kg), we have— 

1000 
Energy of momentum in kg m = ^ ^ 9.3]^ X (speed in m ps)«. 

But one w hr = 867 kg m 

And one ml ph = 0*447 mps 

1000 
•'• ^^"^ ® = 2-^W X0-447«XS« 

. ™ _ 1000 X o-aoo ^ «, 

••2x9-81x867 
:. E = 0-0278 S«. Q.E.D. 



• • 



t The energy due to the rotating parts will vary according to the design of the 
motors, wheels, etc. It will generaUy be slightly higher for trams operated by single- 
phase motors than for trains operated by continuous motors. Wilson and Lydall, in 
" Electrical Traction,** vol. i. p. 374, state that the energy due to the rotating parts 
wiU generaUy vary between 6 to 10 per cent, of the total weight of train. The subject 
is dlMUssed at length in a paper entitled " A Consideration of the Inertia of the 
Rotating Parts of a Train," oy N. W. Storer (<* Transactions of the American Insti- 
tute of Electrical Engineers,*' yol. ziz. p. 165). Garter, in his contribution to a 
discussion on ** Electric Railways,** at the Institution of OivU Engineers (*' Proceed- 
ings, Institution of Ciyil Engineers,** vol. clzziz. pt. 1), gives the foUowing method 
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Thus, the total energy of momentum of the train, when it is 
running at a speed of 24 ml jh, is — 

(1-09 X 161 =)17-5 w hr per ton, 
or 17-5 X 3600 = 63,000 w sec per ton. 

Since this amount of energy is absorbed by the train during the 24 
seconds occupied in accelerating the train, the rate at which the 
energy is being stored up as momentum by the train, averaged over 
the entire accelerating period, is — 

63,000 w sec ^^^^ ^^ ^ « «« , 

-^ J- = 2620 watts per ton ; or 262 kw per ton. 

But the average rate at which energy is being stored up in the train 
as momentum, when spread over the 65 seconds during which the train 
is in motion, is — 

63,000 W sec ^^^ . ^ , r^^ty ^ 

-^- T — s 970 watts per ton ; or 0*97 kw per ton. 

65 seconds ^ ' ^ 

Including a 20-8econd stop at each station, the average rate at which 
energy is being stored up in the train as momentum, taken over the 
whole route, is — 

65 
^^ oA X 970 = 740 watts per ton ; or 074 kw per ton. 

Thus we have — 
Energy absorbed, per ton, in momentum — 

(a) Averaged over the time during which the train 

is taking electricity from the line . . . 2*62 kw. 

(6) Averaged over the time during which the train 

is in motion 0"97 kw. 

(c) Averaged over the entire route .... 0*74 kw. 

If the train in question has a total weight of 100 tons, the 
average rate at which energy is stored up in the train as momentum, 
taken over the whole route, is — 

100 X 0-74 = 74 kw. 

of aUowing for rotationcd momentum when there is no special knowledge of the 
moments of inertia of the respective train parts. 
Add to the weight of the train an amount equal 



r(0-6xto)+0-6xax^^xg) J 



where to = weight of aU tnun wheels, 

a = weight of aU armatures, 

d = outer diameter of armature, 

D = diameter of driTing wheel, 

g = gear ratio. 
The total momentum energy (including rotational) can then he estimated simply as 
energy for linear momentum on the above estimated total weight. 
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In the case of a road operating 100 such trains simultaneouslj, 
from a single power-house, the peaks of load will be so distributed 
that the rate at which energy is being stored up as momentum in 
these 100 trains will be fairly uniform at — 

100 X 74 = 7400 kw. 

Modification of tlie Results as regards Con- 
sumption per Train wlien Friction is taken 
into Consideration 

When friction is considered, the drifting portion of the speed- 
time diagram will no longer be a horizontal line representing 
constant speed, but the line will slope so as to represent a drift- 
deceleration of 0*07 ml phps. 

This change has been made in Fig. 19, where it is seen that the 
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Fig. 19.— Hypothetioal Speed-time Diagram taking Track Friotion into Aooount. 

distance covered can be maintained at the same value by raising the 
crest speed, and lowering the speed at which braking conmiences, 
thus keeping the same area enclosed by the speed-time diagram.* 

* It has already been explained, on p. 15 of Chapter I., that the distance traversed 
is equal to the area of the speed-time diagram. 
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These changes would, however, make only slight dififerences in the 
energy considerations which follow, and it is not worth while taking 
them into account, since the conditions of this schedule are purely 
hypothetical, and are intended only to assist in describing useful 
ideas and methods of carrying out train-movement calculations. 

The energy stored up in the train as momentum is subsequently 
transformed by friction into heat. This friction occurs at the bear- 
ings of the rotating parts, at the points of contact of wheel and track, 
at the ends and sides of the train, and, chiefly, at the brake-shoes. 

It was asserted at the commencement of this chapter that, when 
trains are operated at high schedule speed and with frequent stops, 
much the greater part of the energy consumed at the train is required 
for providing the momentum corresponding to the maximum speed of 
the train, and that the energy required for overcoming train-friction 
is, in comparison, only a small amount. Let us now examine the 
correctness of this assertion. 

The quantity of energy transformed into heat at the bearings of 
the rotating parts, and at the points of contact of wheel and track, 
may be considered to be inevitably associated with the propulsion of 
the train, and the quantity of energy consequently is, in a sense, 
ejffectively employed. The energy transformed into heat at the 
brake-shoes may, on the other hand, be regarded as wasted. 

If the rolling stock is of good design, then, when the train is 
operated at constant speed, on a straight, level, and well-built per- 
manent way, the tractive force required per ton weight of train 
may, for a train of 100 tons weight, be taken at the values set forth 
in Table IX.— 

Tablb IX. — Tbactiyx Fobob bbquibxd at AxiiBS to ovbbcomb Tbaih 

Bbbistanob at Yabious Sfbbds. 



Speed (ml ph). 


TrackiTe foroe required to <nreroome 
train reeistanoe (kg per ton). 


10 


1-6 


20 


2-5 


80 


3-6 


40 


4-7 


60 


6-6 


60 


8-3 


80 


12*8 


100 


18-6 



There are 1609 m in one mile.* Furthermore, 867 kg m equal 



* One mile = 1609*3 m. The figure may be taken as 1609 or 1610, according to 
the degree of accuracy required, i.e. according as the oalculaMon justifies 4 or only 
8 significant figures. 
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1 w hr. From these two constants, and the data in the preceding 
table, we may compile the results in Table X. — 

TaBUB 2t.— -ExdSBGY SBQI^dUBD AT AXLOa TO OYBBOOMB HvLAIS FBIOtaON 

AT Vabioub Sfbbds. 





Energy required at 


Snergy leqnlred at 


Speed (ml ph). 


azlee to overoome train. 


axlee to oreroome train- 


friction (kg m per 
ton-mue). 


friction (w br per 
tonmile> 


10 


3,410 


7 


20 


8,700 


10 


80 


5,800 


16 


40 


7,550 


21 


50 


10,600 


29 


60 


18,800 


86 


80 


20,600 


56 


100 


29,800 


81 



These are rough estimates of the amounts of energy which would 
be required at the axles to overcome Motion in propelling well- 
built trains at constant ypeed over a well-built, straight, and level 
track. 

But when the speed of a train is rapidly changing throughout the 
journey, as in the case of a service with frequent stops, these train- 
Mction data are found not to apply in practice. The train-fiiction 
is considerably higher than would be inferred from these data 
when taken to correspond to the mean speed of the train. We shall 
introduce no serious error into the results obtained in estimating the 
total energy consumed at the train, if we take the train-friction 
at a liberally high value. In fact, we are justified in simplifying the 
calculations by taking the tractive force per ton as of a constant 
value throughout the journey. A convenient and safe value to 
assume for the tractive force, for trains operating with frequent 
stops and with a crest speed of not over some 45 ml ph, is 6 kg per 
ton, even though the mean or average speed may be onLj some 15 to 
30 ml ph. We thus see that the tractive force is taken at fully 
twice the value shown in the table, for a constant speed equal to the 
mean speed. In our example, namely, that of a 100-ton train 
running to a schedule speed of 12*7 ml ph, and with a stop every 
0*30 nule, we may calculate the energy required at the axles as 
follows : — 



Tractive force 
Train-friction 



6 kg per ton. 

6 X 1609 = 9650 kg m per ton-mile 



D 
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We have seen in Table VIII. that the distance covered during the 
time that the train is taking electricity from the line, i.e, during the 
24 seconds occupied by acceleration, is 0*080 mUe. Consequently, 
the electricity required to overcome the train-friction during the first 
24 seconds is — 

26-2 X 0-080 = 210 w hr per ton. 

During the remaining 41 seconds of the run from start to stop, the 
electricity is cut off from the train, and the momentum of the train 
is drawn upon as the source of power to overcome train-friction 
during the remainder of the journey. During the 20-second stop 
at the station, there is, of course, no train-friction. Thus, every 
(24 + 41 -I- 20 = )85 seconds, 2*10 w hr are taken from the line by 
the train, to overcome train-friction, and in the course of one hour 
the total amount of electricity consumed in overcoming train-friction 
is — 

-3^~ X 2*10 = 89 w hr per ton. 

oO 

The energy consumption in w hr per hour may, of course, be 
expressed in terms of power, i.e. of the rate of consumption of energy. 
Thus— 

1 w hr per hour = 1 watt. 

We consequently arrive at the result that the average rate of con- 
sumption of electricity for overcoming the Motion of the train is, 
taken over the entire route — 

89 watts per ton. 

We have seen (on p. 30) that, taken over the entire route, the 
average rate of consumption of energy for the purpose of providing 
momentum is — 

740 watts per ton. 

Thus, still retaining our assumption of 100 per cent, efficiency of the 
electrical equipment, we find that the average rate of consumption of 
electricity by the train is — 

740 + 89 = 829 watts per ton. 

Determination of the Amount of Energy wasted 

as Heat at tlie Braises 

During driEting, and braking the train covers, as we find from 
Table VIII., on p. 28— 

0166 + 0-054 = 0-22 mUe. 

The energy required to overcome friction over this distance is — 

26-2 X 0-22 = 5-8 w hr per ton. 
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Thus every 85 seconds, the energy of momentum is drawn upon 
to the extent of 6*8 w hr per ton to overcome train-Motion, and in 
the course of one hour the total amount of momentum employed in 
overcoming train-friction is — 

-— - X 5*8 = 250 w hr per ton. 

Consequently, the average rate, taken over the whole route, at which 
train-friction is being provided from the train's momentum is 250 
watts per ton. We have already seen that the average rate at which 
energy is being accumulated in the form of momentum is — 

740 watts per ton. 

Other than in overcoming train-friction, the momentum is ultimately 
transformed into heat at the brake-shoes. The rate, taken over the 
entire route, at which energy is being transformed into heat at the 
brake-shoes is — 

740 - 250 = 490 watts per ton. 

Thus, in the present case, the enei^ ultimately wasted as heat at 
the brake-shoes constitutes — 

490 

^jg X 100 = 66-3 per cent. 

of the energy present in the train as momentum at the instant of 
attaining crest speed. 

The average value of the power employed for train-friction, taken 
over the entire route, and including that taken directly from tiie line 
and that drawn from the momentum, is equal to — 

829 - 490 = 339 watts per ton. 

Obviously, the same result is arrived at by adding 89 watts per ton, 
the average of the amount taken directly from the line as electricity, 
and 250 watts per ton, the amount taken from the stored-up energy 
of motion (i.e. the momentum) of the train. Thus we have also — 

89 + 250 =: 339 watts per ton. 

Modification of Calculations to take into Account 
the Losses in the Electrical Equipment on 
the Train 

The train requires per ton an input from the line, at an average 
rate equal to 829 watts, pl^ls the losses in the electrical equipment. 
For such a case as that which we are considering, we may (with 
sufGicient accuracy, at any rate, for the purposes of this example) take 
the over-all eflBciency of the electrical equipment on the train, averaged 
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over the whole route (i.e. including stops) at 72 per cent. Conse- 
quently, the average input to the train is — 

jr;=2 = 1150 watts per ton. 

1150 watts per ton is, of course, 1150 w hr per ton per hour. Since 
the train covers 12*7 miles in one hour, the average rate of input 
of energy to the train may also be expressed as — 

— -^ = 90*5 w hr per ton-mile. 

We have seen that the average rate at which energy is being trans- 
formed into momentum is 740 watts per ton. This is — 

740 

jYgQ X 100 = 64"3 per cent. 

of the total input from the line to the train. 

The average rate at which energy is devoted to the purposes of 
actual propulsion is — 

QQQ 

TTEn. X 100 = 29-5 per cent. 
1150 ^ 

of the total input from the Une to the train. 

Thus, we may say that, for this schedule, the "propulsive efficiency " 
is 29*5 per cent. By this we mean that, could we eliminate the losses 
in the electrical equipment and at the brake-shoes, only 29*5 per cent, 
as much energy would be required to operate the train as is, owing 
to these losses, actually required. 

We can summarize these results as indicated in Table XI. — 

TaBLB XI. — ^AliliOCATION OJf POWBB CONBUMBD BY A TBAIN DUBINQ ▲ GlVIBN BUN. 





Ayfirage power 
required (watts). 


Ditto, In per oBDt., 

of total power 

required. 


Average rate at which energy is transfonned into 
heat at the brake-shoes, per ton weight of train 

Ditto into heat associated with useful propulsion, 
per ton weight of train 

Ditto into heat in the electrical equipment, per 
ton weight of train (1160 - 490 - 889 -) . 




42*6 
29-6 
27-9 


Total input to train per ton of weight 


1160 

t 


100 



From these results we find ample justification for the statement 
that, for the more usual and appropriate cases of railway electrifica- 
tion, a leading occurrence relates to imparting momentum to the 
train, and subsequently transforming this momentum into heat at 
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the brake-shoes. In the example we have taken, the average power 
consumption of the train is 1150 watts per ton. If we had assumed 
zero train-friction, still taking the average efficiency of the electrical 
equipment as 72 per cent., the average power consumption of the 
train for the entire run woidd have been — 

740 

fpjn = 1030 watts per ton. 

If, furthermore, we had assumed 100 per cent, efficiency of the 
electrical equipment, then the average power consumption of the 
train, taken over the entire run, would have been — 

740 

^^TTTi = 740 watts per ton. 

Eeverting again from " average power consumption " to " energy 
consumption per ton-mile," we have the following results for the 
example we have taken — 

(a) Energy consumed by the train on the assumption of a train- 
fidction of 6 kg per ton = 90*5 w hr per ton-mile. 

(b) Ditto, on the assumption of 100 per cent, efficiency of electrical 
equipment 

72 
= T^ X 90'5 = 79*6 w hr per ton-mile. 

(c) Ditto, on the further assumption of zero train-friction — 

0-0278 X 1-09 X 242 „. , , 

g;g^ as 58*1 w hr per ton-mile. 

The readily-obtained values set forth in Table XII. are also of 
interest — 



Table XII. — AiiLOOATioifr of EinsBGY gonsumbd by a Tbain Duanra a 

Given Buk. 



UltimAte allooation of the energy. 


W hr per ton- 
mUe. 


Per oent. of total 
inpnt. 


Energy transformed into heat at the brake-shoes 

Ditto into heat associated with useful propulsion, 
i.e. into train-friotion Q^ = \ 

Ditto into heat in the eleotrioal equipment f :r^ = j 


88-6 

26-7 
25-2 


42-6 

29-6 
27-9 


Total 


90*6 


100 
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The enei^ present as momeDtnm at the instant of attaining crest 

speed is 581 w hr per ton-mile, which is (^^ X 100 = Ws per 

cent, of the input to the train. This last value, and the three values 
in Table XII., are represented graphically in Fig. 20. 




Fia. 30. — Disgram ahowing the Allocation of the Energy Inpat toe a Service 
witti an Avarags Distanoe of O'SO Mile from Statt to Stop, uid a Schedule 
Speed of 12-7 ml ph (eee Table Xn., on p. ST). 

In considering the case of zero train-friction and 100 per cent. 
efGciencj of the electrical equipment, the energy distribution is as 
follows : — 

Input to bnia = Momentum energy = Bn^e waste. 

Allowing for losses in the electrical equipment, but reteining the 
assumption of zero train-friction, the distribution becomes — 
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— ^Heat loss in electrical equipment — 
— ^Momentum energy (= Brake waste) — 

If 100 per cent, efficiency of the electrical equipment is again 
assmnedy but allowance is made for train-Mction, then the distribution 
is shown by — 



o 

•«9 



I- 






-Momentum energy— 



— ^Brake waste< 



^ Train-friction energy) 
after cut-ofi j 



— Train-friction energy up to cut-off 



Total train-friction 
energy used in 
proptdsion 



Finally, we have the general case of actual practice — 



•13 

o 


04 



— ^Heat loss in the electrical equipment— 

— Brake waste- 



— Momentum energy- 



-{'^':i£r"u^fi'""^h_'^*^ train-Motion 



— Train-friction energy up to cut-ofE- 



energy used in 
proptdsion 



Calculations similar to the example in this chapter have been 
carried out for runs of 0*5, 1, 2, and 4 miles at schedule speeds of 15, 
20, 25, and 30 ml ph. The results obtained are embodied in the 
curves of Figs. 21, 22, 23 and 24, which show, for these schedules, 
how the total input is distributed. 

Fig. 25 is diagrammatic, and brings out the great contrast in the 
aUocation of the energy for widely differing schedules. 

When comparison is made with the results of practical tests, 
variations will, of course, be found in all cases, since it is impossible 
to estimate with complete precision the energy input for a given case; 
it varies greatly with profile of the track, the conditions of rail service, 
the design of the rolling stock, the type of equipment, the methods of 
motor control, and even the qualifications of the driver. The subject 
has been discussed from the standpoint employed in this chapter for 
the purpose of logically paving the way for the more useful (although 
somewhat less obvious) methods which will be set forth in the imme- 
diately following chapters. 

In examining Figs. 21 to 25 special attention should be given 
to the influence of the schedule speed and the distance between stops. 
For a given schedule speed, then, the greater the distance between 
stops, tiie less is the percentage of energy wasted at the brakes, and 
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+2 ELECTRIC TRAINS 

the greater is the percentage whidi may be considered as propulsioti 
enei^y. Conversely, with a given distance between stops, the pro- 
pnlsion energy is a greater percentage of the total input, the lower 
the schedule speed. Fig. 23 shows rather strikingly the relatively 



Jix_ 



small percentages of the energy which is wasted in the electrical 
equipment, and the comparative independence of this percentage on 
the schedule speed, and even on the (Stance between stops. 



Examples. 

1. What is the amoont of energy contained in a 50-ton train nmning at & speed 
of 20 ml ph (including tbe energy due to rotating parte, vhich may be taken as 9 
per cent.)? Atu. 605 w hr. 

2. Neglectine track fiiction, what amoant of eoeigy must be expended to accel&- 
rate a 75-ton tram from 26 ml pb to 40 ml ph? Atu. 2*22 kw hr. 

8. 1 w hr = 367 kp m. What distance wonld a triun rnn on straight level 
track against track friction (of 3 kg per ton) by virtue of its energy of momentom at 
16 ml pb ? ^ni. 832 m. 

4. A train running at 30 ml ph monnts Eui mcline of 1 in 100. How far will it 
nm up the incline before its momentom energy is conenmed, neglecting track fiictitm? 

Atu. 1000 m. 

6. What would have been the distance run in question 4 if the track frictJon 
were 4 kg per ton? Am. 715 m. 

6. A train weighing 150 tons and travelling at 51 ml ph is brought to rest in 
30 seconds. Assuming no track friction, determine: (a) The decelerating rate. 
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(b) The energy wasted at the brake-shoes in kw hr. (c) The average rate at which 
energy, expressed in watts per ton weight of train, is being wasted at the brake- 
shoes. Am. (a) 1*7 ml phps. 

h) 11-8 kw hr. 

(c) 9460 watts per ton. 

7. A train absorbed energy at the axles at the average rate of 300 kw for 40 
seconds, and accelerated during this time at 1*2 ml phps. Assmning no friction, 
determine the weight of the train. Ans. 48 tons. 

8. From Table IX., (a) What would be the tractive force of a locomotive hauling 
a train of five 20-ton coaches at a constant speed of 40 ml ph on straight, level 
track, and (b) How much energy is needed to propel the coaches over a distance of 4 
miles? 

Am. (a) 4700 kg. 
(h) 8*2 kw hr. 

9. A hypothetical train is accelerated at a steady rate of 1*0 ml phps up to a 
crest speed of 50 ml ph, and the train-friction averages 6 kg per ton. Fmd the 
components of (a) the enei^gy input for friction, and (5) the energy input for 
momentum. Ans. (a) Friction — 9*1 w hr per ton. 

(b) Momentum — ^75*9 w hr per ton. 

10. (a) What is the distance covered up to crest speed in question 9 ? (6) Compare 
the energy input during the accelerating period in question 9 with the input neces- 
sary to propel the train the same distance at the constant speed of 50 ml ph (see 
Table XX.). Ans. (a) Distance— 558 m. 

(b) Accelerating period — 85 w hr per ton. 
Constant speed — 10 w hr per ton. 

11. The average rate of input to twenty 100-ton trains operating to a schedule 
speed of 20 ml ph is 2000 kw. Find the average input to the trains in w hr per 
ton-mUe. Ans, 50 w hr per ton-mile. 

12. If the propulsive efficiency is 30 per cent, in question 11, nnd the average 
input for overcommg friction. Ana, 300 watts per ton. 

13. A three-coach train weighing 100 tons has a total of 12 axles and 24 wheels, 
each wheel being 1000 mm diameter and weighing 250 kg. The train is driven by 
4 motors, each of the armatures of which weigh 1200 k^ and measure 400 mm in 
diameter. If the gear ratio is 3*7, find the weight which must be added to the 
weight of train to allow for the rotational inertia of the armatures and wheels. 
Employ Carter's formula in footnote of page 30. Express the weight as a per- 
centage of the total train weight. Ans. 8*9 per cent. 



CHAPTER IV 

A METHOD OF ESTIMATING TEE ENERGY CONSUMPTION OF 
TRAINS, ON THE ASSUMPTION OF NEGLIGIBLE TRAIN- 
FRICTION AND OF ONE HUNDRED PER CENT. EFFI- 
CIENCY OF THE ELECTRICAL EQUIPMENT ON THE 
TRAIN 

The investigations in the preceding chapter have shown that when 
trains are operated at high schedule speeds, and with frequent stops, a 
large percentage of the total energy consumed by the train is required 
in providing the momentum corresponding to the crest speed {Le. the 
maximum speed attained at any time during the run), and that a large 
part of this energy of momentum is subsequently transformed into 
heat at the brake-shoes. 

In order to bring clearly into prominence the significance of this 
circumstance as affecting the question of the electric operation of city 
and suburban railways, it is very instructive to consider, in the first 
instance, the case of a train assumed to have no friction loss (other 
than at the brake-shoes), and no loss in the electrical equipment. 
Thus, the only eneigy consumed by the train is that transformed 
into the momentum of the train corresponding to its crest speed. 

Let us first work out several cases. where the acceleration from 
rest, up to the crest speed, is of the uniform value of 1 ml phps. 
When the crest speed is reached, the supply of electricity is cut off, 
and the traui runs at constant speed (since we have assumed that 
there is no train-Mction) until the brakes are applied. The brake 
pressure is assumed to be adjusted at such a value that the deceleration 
is 1*5 ml phps. The shape of the speed-time diagram corresponding 
to these conditions is shown in Fig. 26. With these rates of acceleration 
and deceleration, let us first work through a case where the schedule 
speed is 18 ml ph, and where the train makes one 20-second stop 
per mile. 

In one hour there will be 18 stops. Therefore, the total time 
during which the train is at rest during each hour is equal to — 

18 X 20 = 360 seconds. 
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Consequently, the train is in motion for — 

3600 - 360 = 3240 seconds per hour, 
and the time occupied by one run from start to stop is equal to — 

3240 



45 



18 



as 180 seconds. 



Let us denote by F the crest speed (i.e. the maximum speed attained 
by the train at any time during the run) in ml ph. Then the 
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Fio. 26.-~Hypothetioal Speed-time Diagram, with Acceleration and Deceleration of 
1*0 and 1*6 ml phps respeotiyely, and no Track Friction. 

number of seconds occupied in accelerating the train at 1*0 ml phps 
is equal to — 

F _ 

10 = ^ 

Since the deceleration is at 1*6 ml phps as against an accelera- 
tion of 1*0 ml phps the number of seconds during which the train 
is being braked is equal to 

1-5 

The number of seconds during which the train is nmning at constant 
speed is equal tc^ _ j. 



180 - F - 



1-5' 
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A METHOD OF ESTIMATING THE ENERGY CONSUMPTION OF 
TRAINS, ON THE ASSUMPTION OF NEGLIGIRLE TRAIN- 
FRICTION AND OF ONE HUNDRED PER CENT. EFFI- 
CIENCY OF THE ELECTRICAL EQUIPMENT ON THE 
TRAIN 

The investigations in the preceding chapter have shown that when 
trains are operated at high schedule speeds, and with frequent stops, a 
large percentage of the total energy consumed bj the train is required 
in providing the momentum corresponding to the crest speed (i.e. the 
maximum speed attained at any time during the run), and that a large 
part of this energy of momentum is subsequently transformed into 
heat at the brake-shoes. 

In order to bring clearly into prominence the significance of this 
circumstance as affecting the question of the electric operation of city 
and suburban railways, it is very instructive to consider, in the first 
instance, the case of a train assumed to have no friction loss (other 
than at the brake-shoes), and no loss in the electrical equipment. 
Thus, the only energy consumed by the train is that transformed 
into the momentum of the train corresponding to its crest speed. 

Let us first work out several cases where the acceleration &om 
rest, up to the crest speed, is of the uniform value of 1 ml phps. 
When the crest speed is reached, the supply of electricity is cut off, 
and the train runs at constant speed (since we have assumed that 
there is no train-firiction) until the brakes are applied. The brake 
pressure is assumed to be adjusted at such a value that the deceleration 
is 1*5 ml phps. The shape of the speed-time diagram corresponding 
to these conditions is shown in Eig. 26. With these rates of acceleration 
and deceleration, let us first work through a case where the schedule 
speed is 18 ml ph, and where the train makes one 20-second stop 
per mUe. 

In one hour there will be 18 stops. Therefore, the total time 
during which the train is at rest during each hour is equal to — 

18 X 20 = 360 seconds. 
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Consequently^ the train is in motion for — 

3600 - 360 =: 3240 seconds per hour, 
and the time occupied by one run from start to stop is equal to — 

3240 



45 



18 



= 180 seconds. 



Let us denote by F the crest speed (i.e. the maximum speed attained 
by the train at any time during the run) in ml ph. Then the 









■ 












1 






m/Mte 






/ 




■< 

^ 






y 


\ 


'"/ i 




^ 

5 














\ 










/ 










\ 






^^ 




/ 












V 






/ 














\ 






/ 














\ 





Fig. 26.— Hypothetical Speed-time Diagram, with Acceleration and Deceleration of 
1*0 and 1*6 ml phps respeotiyely, and no Track Friction. 

number of seconds occupied in accelerating the train at 1*0 ml phps 
is equal to — 

F _ 

10 = ^ 

Since the deceleration is at 1*6 ml phps as against an accelera- 
tion of 1*0 ml phps the number of seconds during which the train 
is being braked is equal to 

1*5 

The number of seconds during which the train is rimning at constant 

speed is equal to — p 

180 - F - f=. 
1*5 
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We thus have the values in Table XIII. — 

Table Xm. — Showing the Duration of, and the Avbbaob Speed and 
Distance covebbd dubinq, the Aooeubbatzng, Oonbtant Speed and 
Degelebating Pebiodb of the Speed-tdob Diagbam of Fig. 26, when taken 

TO BBPBB8EHT A l-MlUB BUN AT A SOHBDXTCB SfEED OF 18 ML PH. 



Aocelerating 
period 

Oonstant speed \ 
period 

Decelerating 
period 



Duration 
(aeoonds). 



F 



180-F- 
1-6 



1-6 



Duration (honra). 



8600 



XF 



1 F_ 
8600^1-6 



Average 

speed 

(ml ph). 



F 



F 

F 
2 



Distance covered 
(mUes). 



8600^ 2 



8600^ 

1 F^ F 
8600^1-5^2 



The total distance traversed is one mile ; therefore, hj adding the 
distances covered during the three periods, we have — 



36oa 



3600V 2 + 3^3/ 



^P-180F= -3600 

F» - 216F = -4330 
F - 216F + 11,670 = -4330 + 11,670 
F - 108 = +85-7 
F = 22-3 
.'. The crest speed is equal to 22*3 ml ph. 

22'3 
Duration of accelerating period s -j^ = 22*3 seconds. 

Duration of constant speed period 

22-3 



= 180 - 22-3 - 



1-5 
22-3 



= 142*8 seconds. 



Duration of braking period = -=— s 14*9 seconds. 

Since we have assumed that the firiction is negligible, we have only 
to consider the energy required to give the necessary momentum at 
this crest speed. 

Energy of translational momentum per ton is equal to — 

00278 X (22-3)» = 138 w hr. 
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The energy of rotational momentum of the revolving parts, con- 
sisting of the wheels of the trucks and the armatures of the motors, 
will, in most cases, increase the above amount by some 9 per cent. 
Consequently, we have — 

Energy of translational and rotational momentum per ton is 
equal to— 

1-09 X 0-0278 X (22-3)2 
= 0-0303 X (22-3) > 
= 15*0 w hr. 

We have carried out, step by step, the calculations for this first 
case. It will now, however, be of interest to develop a formula by 
means of which the calculations of such cases may be considerably 
expedited. Let us, as before, denote the crest speed by F. 

Let A equal the acceleration in ml phps. 

B „ „ deceleration during braking in ml phps. 
T .. .. time in seconds occupied by a single run from start 

to stop, 
distance in miles from start to stop, 
crest speed in ml ph. 

We first obtain the values in Table XIV. — 



99 



» 



» 



» 



M 

F 



9) 



» 



M 



4> 



«> 



99 



Tabxjb XIV. — SHOwnro thb Duration of, and thb Aybbagx Spbbd and 

DiSTANOB OOVBBBD DUBINO, THB ACOBLBBATINa, OON8TANT SpBBD AND 

DbobiiBbatino Pbbiodb ov a BmPBBBBNTATivB Sfbbd-tdcb Diaqbam. 



Aooeleiating period 
OoDBtant speed period . 
Deoelaratiiig period 



Duration 
(seoonds). 



F 

A 

T ? 11 

F 
B 



Duration (boon). 



BSOO^A 
600\^ A^B/ 



8600> 

1 F 

asoo^B 



ATerage 

speed 

(nu pb). 



F 
2 



F 
2 



Dlatanoe coyered 
(mile). 



1 F F 
8600^ A^ 2 

86O0V A B/ 
1 F F 
8600^B^2 



Total distance covered in miles is equal to M. 
RO0V2A + ^"A-B+2B/-^ 



3600\2A 



A 



B 
pa 



2A'^2B 



2R 
-TF= -MX 3600 



A + B 
2AB 



XF-TF= -M X 3600 
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Let 



AB 



=sO 



and F = 



A + B 
A F - 20 X T X F = -7200 x C x M 

20 X T + 2v/C« x'P- 7200 x C x M 



Thus, for F, the Orest Speed, we have the formola — 

F = X T - y/C* X T« - 7200 x C x M 

since the positive value before the root wiU be always inadmissible. 
Values of are found (for any particular acceleration and decele- 
ration) fiom Table XV.— 

Tabub xy. — VaiiUsb of fob Vabiocb AooBunuTioina asd DBoaiimtAiioHS. 



Jt 


The fsctor C, in the creet-speed formnla, for the following values of B. the bnking deoeleratloD 


(ml phpe). 


A 

▲coe] 

(ml 


B=1*0. 


B=sl-1. 


Bsi*2. 


Bsl-S. 


B=l*4. 


Bsl*6. 


B=l-6. 


B=sl-7. 


B=1'8. 


B=l*«. 


B=2«0. 


0-6 


0-888 


0-844 


0-868 


0*861 


0*868 


0*876 


0*881 


0*886 


0-891 


0*896 


0*40 


0-6 


0-876 


0-888 


0-40 


0-411 


0-420 


0-429 


0*486 


0*448 


0*460 


0-466 


0*462 


0-7 


0-412 


0-428 


0-442 


0-466 


0-467 


0-478 


0-487 


0*496 


0-604 


0*612 


0*619 


0-8 


0-444 


0-468 


0*480 


0-496 


0-609 


0-622 


0-688 


0*644 


0*664 


0*668 


0*671 


0-9 


0*474 


0*496 


0-614 


0-682 


0-648 


0-668 


0-676 


0-688 


0-60 


0*611 


0-621 


10 


0-60 


0-624 


0*646 


0-666 


0-688 


0-60 


0*616 


0-680 


0*648 


0*666 


0-667 


1-1 


0-624 


0-660 


0-674 


0*696 


0-616 


0*684 


0-662 


0-668 


0-688 


0*697 


0-710 


1-2 


0-646 


0-674 


0-60 


0-624 


0*646 


0-667 


0*686 


0-708 


0*720 


0*786 


0-760 


1-8 


0-666 


0-696 


0-624 


0-660 


0*674 


0-696 


0*717 


0-787 


0-766 


0*772 


0-788 


1-4 


0-688 


0-616 


0-646 


0-674 


0-70 


0-724 


0*747 


0*768 


0-787 


0*806 


0-824 


1-6 


0-60 


0-686 


0*667 


0-696 


0*724 


0*760 


0-774 


0*797 


0-818 


0*888 


0-867 


1-6 


0*616 


0-662 


0-686 


0-717 


0-747 


0*774 


0*80 


0*824 


0-847 


0*869 


0-889 


1-7 


0-680 


0-668 


0-708 


0-787 


0-768 


0*797 


0-824 


0-860 


0-874 


0*897 


0-919 


1-8 


0-648 


0-688 


0*720 


0*766 


0-787 


0-818 


0-847 


0-874 


0-90 


0*924 


0-947 


1-9 


0-666 


0-697 


0-786 


0-772 


0*806 


0-888 


0-869 


0-897 


0*924 


0-960 


0-974 


20 


0-667 


0-710 


0*760 


0-788 


0-824 


0-867 


0*889 


0*919 


0*947 


0*974 


1-00 



By means of the above formula for the crest speed, and of 
Table XV., we can quickly carry through calculations, on the 
assumptions employed in this chapter, for the energy consumed at 
the train per ton-mile. 

Let us first take the case of a route where the distance between 
stations is 0*5 mile. Let the acceleration be 1*0 ml phps and the 
deceleration during braking 1*6 ml phps, i.e. — 

M = 0*5 A = 1*0 B = 1-5. 

For these conditions let us estimate the consumption in watt-hours 
per ton-mile for speeds of 9, 12, 15 and 18 ml ph. Let the duration 
of each stop be 20 seconds in all cases, i.e. let Q s 20. 
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We may cany out the calcnlationB in orderly form, as in tlie first 
part of Table XVI., which also shows similar calculations for 1-, 2- 
and 4-mlIe runs with the same acceleration and deceleration. 
Considering the results for a O'S-mile run, in dovUing the schedule 
speed (from 9 ml ph to 18 ml ph) we have considerably more than 
trebled the erest speed ; and the v^ues in the last horizontal line of 
these calcnlations show that for the higher schedule speed (18 ml 
ph) the value of the w hr per ton-mUe is eleven times as great as 
for the lower schedule speed (9 ml ph). 

In Fig. 27 are plotted, for varioos values of M (the distance in 
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Sehee/ule Speed ^^fl^. 

FiQ. 37.— BaUo of Oreat to Sohedule Speed fot Vuioua Boheduls SpeecU Hid Buna ; 
wKh AoaeleTatioii of I'O ml phpB, BnUng I'O ml phpe. (He^^tiug Deoeleio- 
tion dtulng Ooutiiig, i.e. aBBnndng Friotii^esH Bob.) 



miles &om start to stop), the correspondii^ ratios of the crest speed 
to the schedule speed. 

The shape of the curves indicates the limiting values for the 
attainable speeds for these values of the acceleration and deceleration. 
Thus, it is evident that with a distance of only 0*6 mile from start to 
stop, and with these values of the acceleration and deceleration, a 
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schedule speed of 20 ml ph is anattaiiiable, aa also a speed of 
30 ml ph for M = 1-0. 

In Fig, 28 are shown curves, drawn for various values of M, 
with schedule speeds as abscissae and with the energy conaumptiou 
in w hr per ton-mile as ordinates. 

This last figure shows us that the energy consumption (for fric- 
tionless runs and 100 per cent efficiency of equipment) increases 

too 



4 

I- 



Fto. 38. — Energy Cousamptioa foi Various Schedule Speeds and Buns under the 
aasiimed Triotioalaas Conditions, ftnd 100 per cant. Effioienoj ol Eleotrioal 
Equipment. Aooalemtion I'O ml phpa ; Braking 1-6 ml phpB. 

at an exceedingly rapid rate (aa the square, in fact, of the crest 
speed). From F^. 27 we have already seen that the crest speed 
increases much more rapidly than the schedule speed. For these 
reasons, schedule speeds are soon reached which, while attainable, 
are not commercial, as the cost of the rec[uired energy would be 
prohibitiTe. The limiting schedule speed, when commercial con- 
siderations are taken into account, is, for short distances between 
stops, very much lower than is generally appreciated. In Table 
XVII. are given values of the schedule speeds attainable with various 
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values of the energy input for supplying momentum^ for runs of 0*5, 
1*0, and 2*0 miles from start to stop, the values being taken from 
Fig. 28. 

Tabus XVII. — Sohbduub Sfbbdb attainablb with Yabious Valubs of EmnBay 

IznPUT, AND WITH DlTFBBBNT LENGTHS OF BXTN, ABSUMINO FbIOTIONLESS BuNS 
AND 100 FBB CENT. EfFIOUBNGT OF ElBCJTBIOAIi EqUIFMIBNT. 



DtoUBoe ftomslMtto 
stop (mllM). 


Sohednle ipaed in ml ph for the foUowing valaes of the energj Input to 
proride momentum (w hr per ton-mOe). 


40 w hr per ton-mile. 


60 w hr per ton-mile. 


60 w hr per ton-mile. 


0*6 
1*0 
2*0 


16*4 
28*7 
86*2 


16*9 
26*0 
87*8 


17*8 
26*7 
88*6 



It must be distinctly remembered that the above values only 
apply to the values of the acceleration and deceleration (A = 1*0 and 
B = 1*6) employed in the calculations, and are also restricted to 
the assumptions made throughout this chapter, namely, that the 
train-friction is negligible and that the efficiency of the electrical 
equipment is 100 per cent. 



The Influence of the Values of the Acceleration 
and Deceleration on the Energy Consumption 
at the Train 

Let us take the case of a 0*5-mile run from start to stop. Thus, 
M s= 0*5. Let the acceleration and deceleration be infinite, and let 
the train run at a constant speed of 20 ml ph from start to stop. 
Then the time occupied in covering the 0*5-mile distance from start 
to stop will be — 

0*5 

2Q X 3600 = 90 seconds. 

Taking the duration of the stop as 20 seconds, the schedule speed is — 

^ X 20 = 16*3 ml ph. 

Since the crest speed is 20 ml ph the translational momentum is — 

0-0278 X 20" = 11*1 w hr per ton. 

Thus, after allowing for the rotational momentum, we find that the 
total momentum is — 

11*1 X 1*09 = 12*1 w hr per ton. 
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Still assuming that the train friction is negligible, and that the 
efficiency of the electrical equipment is 100 per cent., we have a 
consumption of— 

2 X 12*1 = 24*2 w hr per ton-mile. 

Now let us go to the other limit, i.e. to the Unoest rate of 
accelerating and braking which will permit of obtaining the average 
speed of 20 ml ph for a 0*5-mile run. The speed-time diagram 
will be as in Fig. 29. 
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Fig. 29. — Speed-time Diagram for O'5-mile Bun under Limiting Conditions. No 
Coasting Period and Minimgni Acceleration and Declaration. 



The crest speed will be 40 ml ph, and will be attained in- 

90^ 
2 

/• The acceleration is at the rate of — 



46 seconds. 



40 

j^ = 089 ml phps. 

The translational momentum at the crest speed will be — 

• 00278 X 40^ = 44-5 w hr per ton. 
The total momentum = 44*5 x 1*09 =s 48*5 w hr per ton. Neglecting 
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train-friction, and assuming 100 per cent, efficiency of the electrical 
equipment, the consumption at the train will be — 

2 X 48*5 = 97 w hr per ton-mile. 

Now let us take an intermediate case with the acceleration and 
deceleration both equal to 1*5 ml phps. The diagram is shown in 
Fig. 30. 




20 



7im0 in 



Id 




Fig. SO.—Speed-time Diagram for 0*5-xmle Bun with no Track Friction. 

Acceleration and Braking of 1*5 ml phps. 



We have the formula — 

Crest speed = F = CT - \/C2p-7200CM 
and from Table XV. we obtain — 

C = 0-75 

.-. F = 0-75 X 90 - v/0-563 x 8100 - 7200 x 075 x 0-5 
= 24-5 ml ph. 

Translational momentum = 0'0278 X 24*5^ = 16*7 w hr per ton 
Total momentum = 1-09 x 16'7 = 18-2 

= 36*4 whr per ton-mile. 

Let us take one more case, employing the acceleration and 
deceleration of 1*0 ml phps. 

From this value we have, from Table XV. — 

C = 0-5 ' 

F = 0-5 X 90 - -v/0-25 X 8100 - 7200 X 05 x 05 « 30 ml ph. 
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Translational momentum = 00278 X 30* = 250 w hr per ton 
Total momentum = 1-09 x 25*0 = 272 „ 

= 54*4 w hr per ton-mile. 

Let us summarise these results as shown in Table XVIII. — 

TABIiB XVm.— EnHBQY OOiroUMFTlON FOB A 0*5-MlZiB Ruiff, WITH VaBIOUS 
VaIiUBS of AoOBLBBATION and DbOBLBBATION (ASBUMINa FBICTIONIiSSS BXTNS 

Ain> EiiBCtbical EQUiPMSirr of 100 fbb cbnt. Effioienoy). 



Acceleration 

and deceleration 

(ml phpe). 


Crest speed 
(ml ph). 


Average speed 
(ml ph). 


Schedule speed 
(mlphj. 


Momentum energy at crest speed. 


whrperton. 


w hr per ton-mlle. 


0-89 
100 
1-60 

Infinite 


40 
80 
24-5 
20 


20 
20 
20 
20 


16-8 
16-8 
16-8 
16-8 


44-5 
27-2 
18-2 
121 


97 
54-4 
86-4 
24*2 



Thus we see that, so far as the amount of energy required for 
momentum is concerned, we ought to employ as high an acceleration 
and deceleration as practicable. 

But, as we shaU subsequently see, the employment of high 
accelerations imposes on the Electricity Supply Station, high peaks 
of load. As already stated, the commercially economical mean is, 
for city and suburban passenger trains, usually found to be some 
I'O to 1*5 ml phps (see p. 5). 

From these considerations it is apparent that it is difficult to 
generalise as to the energy consumption at the train, corresponding 
to the maintenance of a given schedule speed, since the result 
depends very greatly indeed upon the acceleration and deceleration 
employed. 

It is obvious that an additional objection to the use of low 
values of acceleration and deceleration is the high crest value of 
the speed thus rendered necessary in obtaining a given schedule 
speed. 

A frequently recurring problem is, however, that relating to 
the lowest values of acceleration and deceleration which may be 
employed to obtain a given schedule speed for a given value of M, 
the distance from start to stop. Or, conversely, we may require to 
ascertain the highest schedule speed ^.ttainable, with accelerations 
and decelerations equal respectively, to stipulated values of A and B. 
To obtain this we may proceed as follows : — 

As in our preceding investigations, we may denote by F the 
crest value of the speed in ml ph. 






S6 ELECTRIC TRAINS 

Then, for straight-line acceleration, we have — 

F 

Average speed (ml ph) = -^ 

F 
Time occupied by acceleration (seconds) = -j 

F 
„ „ braking (seconds) = :^ 

.*. Distance covered, in miles, is equal to — 



^ = 36oJv 2 (1 + b) (Seep.47.) 



3600 X 2VA ^ B 

P A + B 
"3600^ 2AB 

O AT* 

.-. F« = 3600 X -f==u X M 

A + U 

= 7200 X X M 
and F = \/7200 x x M 

F is the crest speed at the highest schedule speed corresponding to 
the stipulated conditions. 

A A r 1 t.\ \/7200 x C X M 
Average speed (in ml ph) = s 

Time occupied by the entire') ^ t _ II ■ ? _ j/i^idl^^ 
run from start to stop j A "*" B \ AB / 

^°* A + B = ° 
• T = ? 



Also F = \/7200 X C X M 
^ \/7200 X C X M 

T 
Now, the schedule speed s= _, q x average speed, where Q is the 

avenge duration of stop in seconds. 
Therefore, by substitution, we have — 

limiting \ \/7200 X X M v/7200 x X M 

schedule speed V - /^7200 x C X M ^ ^\ ^ 2 

(ml ph) J C X {^- Q + Q) 

3600 X C X M 



•\/7200 X X M + Q X C 
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The train oousnmption, making the 9 per cent, allowance for 
rotational momentum, is ec[ual to^ 

(00303 X P) w hr per ton 
or (218 X C X M) w hr per ton 

= (^218 X, ^-^) w hr per ton-mile 

= (218 X G) w hr per ton-mile. 
This result ahows that the limiting train oonBumption per ton- 
mile for any given values of acceleration and deceleration lb, under 
the assumed conditions, the same for any length of run. Q, the 
duration of stops, may usually be token as 20 seconds. The highest 
attainable schedule speeds, and the corresponding crest values, have 
been calculated, by means of the above formulae, for runs of 05, 1, 2 






I- 



Fia. 81.— Speed-time Diagmn for l-mile Bon ooveied at Soliedala Speeds of 13, 18, 
end 24 ml ph, with Oonstont Aooeleratloii and Braking, and neglaoting Troiu- 
frlotlou. 

and 4 miles, and for various rates of acceleration and deceleration. 
The results are embodied in Table XIX. (folding table). 

As an instructive inatanoe of the application of these principles, 
let us consider the case of a 1-mile run from start to stop, i.t. let 
us oonsider a case where M = I'O. Let ub first study this run for 
schedule speeds of 12, 18, and 24 ml ph. The speed-time diagrams 
corresponding to these three schedule speeds, for A = l'OandB= 1'5, 
are readily worked out from the formulae and methods already 
desOTibed, and are plotted in Fig. 31. 
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Assuming 100 per cent, efficiency for the electrical equipment and 
negligible train-friction, the input required will be exclusively that 
corresponding in each case to the momentum at the crest speed, 
and may be obtained by the formula — 

Translational momentum = 00278 x P 

Total momentum = 0*0278 x 1-09 x P 

= 00303 X F w hr per ton 

where F is the crest speed in ml ph. The calculated values of the 
energy consumption for these three cases are shown in Table XX. — 



Tabub XX. — EmBBGY GoNBUMFnoN FOB 1-Miijg Bun at Yabious Sgheduijb Sfbbds, 

ABSX7MINQ NO TbAIN-VBICTION AND 100 PBB CBNT. EfFICIBNOY OF THB EUSC- 
TBICAIi EqUIPMBNT. 



Schedule speed 
(ml ph). 


F, the crest speed 
(ml ph). 


Tnin ooDSiimpiloii 
(w hr per ton-mile). 


12 
18 
24 


18-5 
22*8 
86 


5*5 
16*0 
89*2 



It is evident that, with increasing speed, we are rapidly approach- 
ing a schedule speed which cannot be exceeded with the assumed 
values of acceleration, deceleration, distance between stops and dura- 
tion of stop. The limiting schedule speed is that at which the brakes 
must be applied at the very instant that the acceleration has been 
completed, i«. there is in the cotresponding speed-time diagram no 
interval of running at constant speed. For the assumed acceleration 
and deceleration, and for 20-second stops, this speed may be calcu- 
lated from the formula already given on p. 56, namely — 

limiting schedule speed = ^7200 x C X M + Q x C 

For our case M = 1 and Q = 20. C may be obtained from Table XV. 
In this case, since A = 10 and B = 1*5 — 

C = 0-60 

2160 
/. Limiting schedule speed = 77^ ^ a. 12 

= 27-8 ml ph. 

Consequently, the time required for the 1-mile run from start to stop 
is — 



3600 
27-8 



- 20 = 109-6 seconds. 
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The average speed is — 

^"^1 Lt ^^ X 27-8 = 32-8 ml ph. 
109-6 ^ 

For this case, the speed-time diagram for which is drawn in 
Fig. 32, F, the crest value of the speed, is obviously equal to twice 
the average speed. Thus — 

F = 2 X 32-8 = 65-6 ml ph. 
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Fia. 32. — Speed-time Diagram for 1-mile Bmi imder Limiting Oonditions. No 
Ooastixig Period; Acceleration and Deceleration of 1*0 and 1*6 ml phps 
respectiYely. 

We could have obtained F directly from the formula already given 
on p. 56, namely — . 

F = \/7200 X C X M 
For M = 1-00 

= 0-60 

.-. F = \/i320 = 65-6 ml ph. 

In order to obtain higher schedule speeds we must, obviously, 
resort to higher accelerating or decelerating rates, or both. Let us 
work out the case of a schedule speed of 30 ml ph, using an accele- 
rating rate of 1*3 ml phps and a decelerating rate of 1*8 ml phps. 
The calculation may be arranged in an orderly form as follows : — 
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Schedule speed 30 ml ph. 

Length of run from start to stop . 1 mile* 

Number of stops per hour ... 30. 

Time at rest per hour 30 X 20 = 600 seconds. 

Running time per hour .... 3600 - 600 = 3000 seconds. 

Time occupied by the 1-mile runl 3000 - ^^ . 

from start to stop . . . . / -gg- = 100 seconds. 

Accelerating rate 1*3 ml phps. 

Decelerating rate 1*8 ml phps. 

Let the crest speed be F ml ph. The values in Table XXI. are 
directly deduced. 



TabiiB XXI. — ^Showing thb Dubation of, and thb Aysbjlgb Spibbd and 

DiSTANOB OOYBBBD DURING, THB AOGBLBBATING, OONSTANT SpBBD, AND 

Dbcblbbating Pbbiodb of thb Sfbbd-timb Diagbak / IN Fig. 83. 



Aooelerating 
period 

Constant sp66d\ 
period 

Decelerating 
period 



Dimftlon 

of run 

(saoonds). 



100-~- 



1-3 

1-3 "1-8 

1-8 



Daration (houn). 



1 F^ 
3600^1-3 



1 / F F^\ 

8600\ "" l-8~l-8/ 



1 F^ 
3600^1-8 



Ay«rage 

•peed 
(nu ph). 



F 
2 

F 

F 
2 



Dlatanoe ooTered 
(mile). 



1 F^ F 
8600^1-3^2 

300V "" 1-8 1-8/ 



3600 



1 J^ F 
3600^1-8^ 2 



The total distance covered during the run is one mile — 

pa ya 

3600^ 



^2^+100F-^.3 



pa 

r8"*"3 






0-663F2 - lOOF = - 3600 
F» - 151F + 5700 = - 5430 + 5700 

F - 75-5 = +\/270 = +16-4 
F = 59-1 

Crest speed = 59*1 ml ph 

Time of accelerating period . . . . = 45*5 seconds 

„ constant speed ,, . . . . = 21*6 „ 

„ decelerating „ . . . . = 32'9 „ 

The results of all these five cases, together with results for the train 
consumption, in w hr per ton-mile (estimated from the formula, 
Momentum = 00278 x 109 x F^), are given in Table XXII., also 
values for a schedule speed of 27 ml ph. 
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Tabijb XXn.— Enzbgy OoKSUicFnOK ov Trains stoppino Oncb pbb Mile akd 

BTTBimirG AT DlTFBBBlfrF SCHEDULE SpEEPS, ABSUMIKa KO TbAIN-FBIOTION Ain> 
100 PES GENT. EfFIOIENOY. 



Schedule MMed 
(mlph). 


Aoceleratlon 
(mlphp§> 


Deoeleimtioii 
(ml phpB> 


Crert speed 
(ml pn). 


Ratio of crest 

to Bchednle 

speed. 


Energy required 
(w hr per ton- 
mile). 


12 
18 
24 

27-8 


10 
10 
10 
1-0 


1-6 
1-6 
1-6 
1-6 


13*6 
22*3 
36-0 
66*6 * 


1126 
1*24 
1-6 
2*37 


6*6 
16*1 
39-2 
131 


27 
80 


1-3 
1-3 


1-8 
1-8 


42*3 
69*1 


1*67 
1*97 


64 
106 



The corresponding speed-time diagrams are brought together in 
Kg. 33. 




/00 /^ £00 

Time in JS^ecoifck 



£60 



Fig. 88. — Speed-time Diagrams for 1-mile Bmi covered at the Various Sohedules 

indicated. No Train-friction. 



In Table XXII. two different combinations of accelerating and 
decelerating rates are considered, but calculations have been made for 
other cases, and the results are given in Fig. 35, in which the values 
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of the amounts of energy required in w hr per ton-mile for these 
l-milerunsareplottedaBordinates, with the schedule speeds in mlph 
as absoissae. The full lines represent the results for the separate values 
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of acceleration and deceleration, while the dotted line m is a mean 
curve drawn for a purpoae, the utility of which will be obvious from 
the following considerations. 
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For definite accelerations and decelerations we obtain correspond- 
ing curves for the energy required, with limiting values for each, 
corresponding to the cases where the constant-speed interval dis- 
appear& These limiting values are seen to lie on an even curve. 
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Fia. 86. — Ourves of Train Gonsmuption in w hr per ton-mile, assuming no Train- 
friotion and 100 per oent. E£Glcienoy of Equipment, for 1-mile Bun and 
Various Schedule Speeds, with the Difierent Acoelerations and Decelerations 
shown. 



In Figs. 34 and 36 are plotted, for 0*5 and 2-mile runs, similar 
series of these curves for the same respective accelerations and 
decelerations indicated. The limiting values are again clearly shown 
at the top of the curves. 

Strict comparisons of the energy consumption for any given 
length of run, at the required schedule speed, should be made for 
various accelerations and decelerations, since Figs. 34, 35, and 36 
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indicate the important influence which these rates have on the 
consumption. 

For economic working, a train would not be run at the extreme 
limiting values shown in the curves. Nevertheless, the accelerations 
would be kept moderate, and the dotted curves m in Figs. 34, 35, 
and 36 are intended, in each case, to afford a locus for rational values 
for the range considered. 
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Fia. 86. — Ourves of Tram Oonsmnption in w hr per ton-mUe, assnming no Train- 
Motion and 100 per cent. Effioienoy of Equipment, for 2-xnile Bun and Yarions 
Schedule Speeds, with the DiJSerent Aooelerations and Decelerations shown. 

These curves m, for 0*5-, 1-, and 2-mile runs, are brought together 
in Fig. 38, and show rational values for the energy consumptions in 
w hr per ton-mile. In Fig. 37 the correspondjng values for the 
w hr per ton are plotted. 

Looking back to Fig. 34, relating to runs over distances of 0*5 mile 
from start to stop, we see that, neglecting train-friction and assuming 
100 per cent, efficiency for the electrical equipment, the energy con- 
sumption for a schedule speed of — for instance — 18 ml ph, may be 
anywhere from 50 w hr per ton-mile up to 100 w hr per tou-mile, 
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66 ELECTRIC TRAINS 

according as the mean of the acceleration and deceleration 10 nearer 
1-8 or 1*2 ml phps. 

Questions. — Chaptkr IV. 

1. Assuming a speed-time diagram as in Fig. 18, (a) What is the crest speed 
necessary to traverse a distance of 0*75 mile at an average speed of 20 ml ph, 
v^hen the acceleration and deceleration are 0*8 and 1*7 ml phps respectively? 
(h) Find the energy input for momentum. 

Ans. (a) 23-9 ml ph. 

(6) 17*3 w hr per ton. 

2. A distance of one mile has to be covered at 18 ml ph : A = 0*9, B = 1*8. 
(a) First running continuously, (b) then with one stop halfway, and (c) finally with 
two stops at one-third and two-thirds of the distance. 

The stops may be taken as at signals, but to be only of instantaneous duration. 
Determine the necessary crest speeds in these cases, using the formula of p. 48. 

Ans. (a) 20 ml ph. 
(b) 22 ml ph. 
(e) 27-4 ml ijh. 

3. Repeat question 2, but take the stops as of 3 seconds' duration at each signal, 
and ascertain the crest speeds then necessary. 

Ans, (a) 20 ml ph. 

(b) 23*3 ml ph. 

(c) 33*5 ml ph. 

4. Following on the idea of question 2 : (a) Find the value of C which permits of 
five stops, one every one-fifth mile, for an instant, but under limiting conaitions (m 
in Fig. 32). The crest speed will, of course, be 3© ml ph. (6) Given A = J5, 
what will be the values or A and B ? 

Ans. (a) = 0*9. 

(6) A = B = 1*8. 

5. Determine (a) the crest speed for the limiting run (similar to Fig. 32) over 
1000 m, when the values for acceleration and braking are respectively 0*8 and 1*5 
ml phps ; and (b) the schedule speed when the stop is of 20 seconds' duration. 

Ans. (a) 48*3 ml ph. 
(6) 20-0 ml ph. 

6. Under the assumed frictionless conditions, a train runs 1*20 mile at a scnedule 
speed of 25 ml ph, and with a 20-6econd stop. Compare the energy consumptions, 
(a) when A = 1*0, B = 1*5; and (6) with the limiting speed-time diagram and 
A = B. 

Ans. (a) 36*6 w hr per ton for each run from start to stop. 
30*6 w hr per ton-mile. 
(6) 97*0 w hr per ton for each run from start to stop. 
80*8 w.hr per ton-mile. 



CHAPTER V 

THE EFFICIENCY OF THE ELECTRICAL EQUIPMENT 

In Fig. 39 is given the experimentally observed speed-time diagram 
of a train weighing 72 tons, and equipped with four 150-hp motors. 
The train comprised one motor-coaoh and one trailer, and the speed- 
time diagram relates to a run of 1 mile from start to stop. In the 
tests, which were made by the engineers of the Lancashire and 
Yorkshire Railway * on the electrified section between Liverpool and 
Southport, the 1-mile run was accomplished in 120 seconds. The 
average speed was thus — 

J20" X 1 = 30 ml ph. 
This, with 20-second stops, corresponds to a scJudide speed of — 

IWT20 ""^^ 25-7 ml ph. 

The input, measured at the train, was 777 w hr per ton-mile. 

From the speed-time diagram (Fig. 39) it is seen that the crest 
speed was 40 ml ph. Consequently, to supply momentimi, there was 
required — 

0-0303 X 40^ = 48-5 w hr per ton. 

The distance-time curve is shown in Fig. 40. Fifty-six seconds 
elapsed from the start up to the time when the electricity was cut off, 
ana at the end of the 56th second the train had travelled 0*43 mile. 
Taking the train-friction as 6 kg per ton, then the portion of the 
input which is accounted for by train-friction was — 

0-43x1609x6 110 u 

^j^= = 11*3 w hr per ton. 

The losses in the electrical equipment were consequently — 

77-7 - (48-5 + 11-3) = 17-9 w hr per ton weight of train. 
The output from the electrical equipment amounted to — 

48-5 + 11-3 = 59-8 w hr per ton, 

* "Prooeedinga of the Institution of OivU Engineers," vol. olxzix. pt. 1, p. 184. 
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and, since the input was 77*7 w hr per ton, the efSoiency of the 
electrical equipment, under the conditions of this particular run, 



59*8 

«:y X 100 = 76-9 per cent. 

This is rather a high efficiency and is not often attained. 

On p. 432 of Mr. Aspinall's Ftesidential Address, delivered before 
the Institution of Mechanical Engineers on April 23, 1909, another 
test made on the Lancashire and Yorkshire Bailway is quoted. This 
test was made on a 3-coach train weighing 117 tons, and operated 
to a schedule speed of 30 ml ph, with 1 stop every 1*32 mile. The 
speed-time diagram was not given, but it is reasonable to conclude 
that it is fairly represented by Fig. 41. The corresponding distance- 
time curve is given in Fig. 42. The time occupied by a single run 
from start to stop is seen to have been 138 seconds. Consequently, 
the average speed was — 

i?^^^ X 30 = 34-3 ml ph. 

The crest value of the speed ia seen, from Fig. 41, to have been 49 
ml ph. The time elapsing from start to cut-off is 82 seconds, and 
the distance covered during this time is 0*75 mile, or 1200 m. 

The train, which, as already stated, weighed 117 tons, was com- 
posed of three coaches, two being motor-coaches and the third a 
trailer. Each motor-coach carried four 150-hp motors. Conse- 
quently, the complete electrical equipment comprised eight 150-hp 
motors and the auxiliary apparatus required for their operation. 
The input to the train worked out at 96 w hr per ton-mile. 

Thiis input is made up of three components — 

I. Energy required for supplying momentum. This is equal to — 

0-0303 X 49« = 72-7 w hr per ton, 
and 

\V%2 "^r^'^ ^ ^^ P®^ ton-mile. 

II. Energy required to overcome train-fiiction up to the point 
of cut-of& The electricity is cut off 82 seconds from the instant of 
starting, when the train has covered a distance of 1200 m (0*75 mile). 

The friction component is (assuming 6 kg per ton) consequently 

equal to — 

6 X 1200 ^ . q.. „ , ^ . 
— rt«« — » ly o w nr per ton, 

and 

19-6 



( jToo " )l4'8 w hr per ton-mile. 
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Fig. 41. — Lanoashiie and Yorkshire Bailway Representative Speed-time Diagram 
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III. Energy transfonned from electricity into heat in the electrical 
equipment. This equals 96*0 — (55'0 + 14*8)= 26*2 w hr per ton-mile. 

The output from the electrical equipment is the sum of the 
momentum at the crest speed and of the train-friction up to the 
instant of cut-off, and is equal to — 

55-0 + 14-8 = 69-8 w hr per ton-mile. 

Since the input is 96*0 w hr per ton-mile, the efficiency is equal to — 

69*8 

Qg^g X 100 = 72-6 per cent. 

Let us further examine these two sets of results, i,e, the results 
of the tests on the 72-ton and 117-ton Lancashire and Yorkshire 
trains. The leading data is brought together in Table XXIII. — 

TABUB XXni. — AnAIiYBIB of TbAIK TbSTB on THB IiABCASHIBB AKD YOBESHIBB 

Bailway. 



Weight of train (ton) 

Distance between stops (mUe) 

Schedule speed, assuming 20-Becond stops (ml ph) 

Crest speed |^ml ph) 

Energy reqmred for momentum (w hr per ton-mile) . 

Number of seconds elapsing up to cut-off .... 

Distance up to point of cut-off (mile) 

Energy required for train-friction up to point of cut-ofE 
(w hr per ton-mile) 

Energy required to supply the losses in the electrical equip- 
ment (w hr per ton-mile) 

Input to train (w hr per ton-mile) 

Efficiency (per cent.) 



The next steps of interest relate to the average input to the 
motors in the two cases. These are set forth in Table XXIV. — 

Table XXIV. — OoNTinuED Analysis of Tbain Tbsts on thb Lancabhibb and 

YOBKBHIBB BAILWAY. 



72 


117 


100 


1*82 


26-7 


300 


40 


49 


48-5 


56-0 


66 


82 


0*48 


0-76 


11-8 


14*8 


17-9 


26-2 


77-7 


96-0 


76-9 


72-6 



Weight of train (ton) 

Input per train-nule (kw hr) 

Ditto in kw hr per hour, %.e, average kw input 

Efficiency (from Table XXni.) 

Average output (kw) 

Number of motors per train 

Average output per motor, taken over entire run (hp), m 

Ditto in per cent, of rated load 

Number of seconds elapsing from start to "cut-o£E'' of 

electricity 

Number of seconds elapsing from start from one station to 

start from next station 

Ratio of time during which train is consuming electricity 

to entire time of run, n 

Average output per motor, during the time it is in circuit 

(hp) m-4-n. . 

Ditto in per cent, of rated load 



72 


117 


6-60 


11-2 


144 


886 


0-769 


0-726 


111 


244 


4 


8 


37-2 


40-9 


24-8 


27-2 


56 


82 


140 


158 


0-400 


0-619 


93 


79 


620 


52-6 



72 



ELECTRIC TRAINS 



The lower point of the efl&ciency curve at which the motors are 
working, as the result of the lower percentage of the rated load 
which they are carrying while in circuit, suffices to account for about 
half of the 4 per cent, lower over-all efficiency of the electrical 
equipment observed in the case of the 117-ton train. That this is 
the case will become clear by an examination of the efficiency curves 
of typical 150-hp series-wound railway motors. The curves, which 
correspond respectively to the operation of the motor at 250 volts 
(corresponding to the full series position of the controller) and at 
500 volts (corresponding to the full parallel position of the con- 




eo J20 /0O 



iS40 



Fig. 48. — Bepresentative Efficiency Gurves for a 150-hp Oontinuous Electricity Bail- 
way Motor on 600 volts (Parallel^ and 250 volts (Series). 

Ourve B^ Ezcludmg Gear. 
„ G, Including Gear. 

troUer), are shown in Fig. 43. The results for 62 per cent, and 52*6 
per cent, of rated load (from Table XXIV.) are as follows : — 



Efficiency at 250 volts 
„ 600 



ft 



M 



Load on motor. 



62 per cent, of rated 
load (93 bp> 



68*0 per cent. 
890 



M 



52*6 per cent, of rated 
load (79 hp> 



70*0 per cent. 
87-6 
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The motors were in the series position for only some 10 to 15 
seconds from the moment of starting, and during this time they were 
in series with resistances up to the very last few seconds. On the 
other hand, the motors were in parallel for some 45 to 65 seconds, and 
for most of this time they were running without resistances in series, 
i.e. they were running with about 500 volts at their terminals. Conse- 
quently, the average efficiencies of the motors for the entire run were 
far more influenced by the efficiencies in the parallel position, i,e. the 
500-volt efficiencies, than by the 250-volt efficiencies. Taking into 
account the widely varying loads to which motors are subjected from 
instant to instant in a service of this kind, it appears sound to assess 
at 2 per cent, the amount by which the average motor efficiency for 
the entire run is less at 52*6 per cent, of rated load than at 62 per 
cent, of rated load. 

Of the 4 per cent, lower over-all efficiency of the equipment, 
there is, in addition to the 2 per cent, just estimated, a further 2 per 
cent, which is accounted for as follows. 

It will be observed that, during the first 20 seconds from the 
start, the 72-ton train was brought to a speed of 26 ml ph as against 
a speed of only 21 ml ph for the 117-ton train. The average acceler- 
ations for the two cases for the first 20 seconds were, consequently, 
1*30 and 1*05 ml phps respectively. Now, the more rapid the acceler- 
ation the more quickly will the regulating rheostats, employed in 
series with the motors during starting, be cut out, and in the case of 
the test of the 72-ton train, the rheostats are known to have been 
finally cut out in the parallel operation only 15 seconds from the 
instant of starting the train, whereas, for the 117-ton train, the rheostats 
were probably in circuit (although this is only to be regarded as in 
the light of a reasonable estimate) for at least 30 seconds from starting 
the train. Consequently, losses were occurring in the controlling 
rheostats for only 10'7 per cent, of the entire time in the case of the 
72-ton train, as against some 19 per cent, of the entire time in the 
case of the 117-ton train. In the latter case the rheostatic loss 
would have been sufficiently greater than in the former case to amply 
account for the remaining 2 per cent, deficit in the efficiency. 

The points involved in the preceding paragraphs are of great 
importance. In the test of the 117-ton train, in spite of the severity 
of the schedule, the acceleration and the deceleration during braking 
have been kept within the limits of the best practice to which conform- 
ance can be made in routine daily service. In the test of the 72-ton 
train, however, the acceleration and the deceleration are well up to, and 
in fact are decidedly beyond, the all-round desirable values. Thus, the 
rate of deceleration during the last ten seconds of the run of the 
72-ton train is seen from Fig. 39 to be of the very high value of 
2*7 ml phps, while in the case of the 117-ton train, the deceleration 
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during the last ten seconds (Fig. 41) is at an approved rate, being 
1'8 ml phps. 

In the test with the 72-ton train the object has been to keep the 
crest speed down to a low value, with a view to obtaining a high 
efBiciency. This has been accomplished by resorting to very high 
acceleration and deceleration. On the whole, the 76*9 per cent 
efficiency obtained for the test run with the 72-ton train must be 
regarded as abnormal, since resort was made to exceedingly high 
acceleration and deceleration. The average outputs, taken over the 
entire run, and allowing for 20-second stops, are 37*2 hp for the 72- 
ton train and 40*9 hp for the 117-ton train. In terms of the rated 
load, these values work out at 24*8 per cent and 27*2 per cent, 
respectively. 

The question of motor heating is taken up again in Chapter XIL, 
but let us at this point accept provisionally, for our present purposes, 
the rough rule that for a given service where the only intervals of 
rest are the 20-second stops at stations, and where each motor- 
coach must operate to its schedule for 18 consecutive hours, an 
aggregate rated capacity of electrical equipment equal to four times 
the average load must be provided. On the basis of the conventional 
method of rating railway motors, this will give reasonable assurance 
that the maximum temperature-rise above the temperature of the 
surrounding air will, in the conditions of actual service on the train, 
not appreciably exceed 65° C. 

In the conventional basis of rating of railway motors it is required 
that after a one-hour test on a stand at the manufacturer's works at 
rated load (and with the covers over the commutator open), the 
temperature-rise of the hottest accessible part, as thermometrically 
determined, shall not exceed by more than 75° C, the temperature of the 
surrounding atmosphere. This is a purely nominal basis of rating ; 
nevertheless, it has been proved, in the course of the many years 
during which it has been employed by all the leading manufacturers 
of railway motors, that it constitutes an excellent basis on which to 
rate motors. This 1-hour, 75° C. load, while it is of the order of four 
times the average load for which the motor is thermally suitable for 
a service of several consecutive hours, is a load well within the 
motor's capacity as regards mechanical construction and commutation. 
For brief periods during starting, a motor usuaUy has to carry a load 
well up toward, or even above, its 1-hour, 75° C. rating ; consequently, 
it is important that at its rated load the performance of the motor 
shall be excellent as regards commutation. 

Corresponding to the efficiency investigations set out above for 
the Lancashire and Yorkshire equipments under the conditions of 
service, I have carried out a number of investigations of the working 
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efficiencies of the train equipments on several other electric railways.* 
The results indicate that for services where the trains operate at 
high schedule speeds with frequent stops^ the over-all efficiency of the 
electrical equipment on the train should^ in actual practice and for 
correctly driven, correctly prop()rtioned trains and equipments, be of 
the order of 70 per cent. While it is often quite exact enough to 
employ this figure in estimates, nevertheless, I have attempted to 
assess more precise values for particular services, since the over-all 
efficiency is, in practice, a function of the length of run between stops, 
the schedule speed, and the acceleration and deceleration. The 
values at which I have arrived are set forth in Table XXV., and may 



Table XXV. 
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be taken to apply to series-parallel equipments employing geared, 
series-wound, continuous-electricity motors, designed for operation 
without forced draught and proportioned for a load which, averaged 
over their period of daily service, amounts to 25 per cent, of their 1- 
hour, 75*^ C. rated load. Equipments worked up to a higher average 

* Among other eleotrio railways which I have investigated in this manner maybe 
mentioned the foUowing : — 

Heyshcmif Moreccm^ and Lancaster section of the Midland Railway^ ** Proceedings 
Institution of Civil Engineers," vol. clzxiz. pt. 1, p. 31. 

South- Side Elevated Railway of Chicago. '* Transactions of the American Institute 
of Electrical Engineers," vol. xvi. p. 193. 

General Electric Company {U.S.A.) Experimental Trade, Ibid, vol. xix. p. 831. 

New York a/nd Port Chester BmVuoay Cowpam/y {U.S. A,). Ibid, vol. xix. p. 180. 

QroAid Bapids, Grand Ha/ven a/nd Muskegon Railway. Ibid, vol. zxiii. p. 691. 

Viewna-Baden Railway, Electrical Engyneervng^ December 12, 1907. 
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load than this, i.e. equipments not proportioned to be thermally 
capable of sustaining for several hours the schedule as regards speed, 
number of stops, and duration of stops, will, if correctly designed and 
operated, have higher eflSciencies than those indicated in Table XXV., 
whereas equipments where the average load is less than 25 per cent, 
of the rated load will have lower ef&ciencies than those indicated in 
Table XXV. Equipments employing gearless motors will have 
higher efficiencies than those indicated in Table XXV. Single-phase 
equipments of the best types yet commercially developed wiU, for 
services with high schedule speeds and frequent stops, have only 
slightly lower efl&ciencies than those indicated in Table XXV. 
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Fig. 44. — ^Bepresentative Speed-time Diagrams for Various Schedule Speeds and 

Buns under Working Conditions. 

The influence on the over-all efficiency of the average load carried 
by the equipment during the time it is in circuit is very considerable, 
as may be seen from the curve in Fig. 60, on p. 105 of Chapter VIL 
Indeed, in support of the exaggerated claims made for the single- 
phase motor as applied to severe services (t.«. for services for high 
schedule speeds and frequent stops), tests have been made with 
electrical equipments which, during the runs, were carrying so great 
a load that the schedule speed coiQd not have been maintained for 
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much over two hours without exceeding desirable limits of tempera- 
ture rise. In view of the fundamental considerations indicated in 
this chapter, the reader will appreciate that equipments overloaded 
in this manner will have higher efficiency than when operated at 
the conservative loads corresponding to sound practice as regards 
temperature rise. Nevertheless, even under these conditions, the 
single-phase equipments which I have in mind, namely those in 
operation on the Heysham Branch of the Midland Eailway, only 
developed over-all efficiencies of the order of 68 per cent, to 72 per 
cent. There is but little to choose between continuous and single-phase 
equipments as regards their efficiency under the conditions of actual 
service, but any superiority in this respect which there may be is 
certainly possessed by continuous equipments. This cannot be too 
emphatic^y pointed out, since utterly unfounded statements have 
been made to the contrary by various engineers. The reader may be 
interested in this connection to look up an article on p. 341 of the 
Light BaUway and Tramway Journal for June 11, 1909 ; also a 
letter in the Railway Gazette for July 2, 1909, where he will find 
typical instances of the unfounded claims to which I allude. 

Fig. 44 consists of a chart of speed-time diagrams which are 
representative of preferable practice for the corresponding schedule 
speed and number of stops. By employing the data and methods 
set forth in the preceding chapters, together with the efficiency values 
given in Table XXV., the estimations set out in Table XXVI. have been 
made. These estimations relate in the first instance to the energy 
consumptions at the train, corresponding to the speed-time diagrams of 
Fig. 44, and at the end of the table estimates of the rated capacity of 
electrical equipment which should be installed for each schedule are 
worked out.* 

The results obtained in Table XXVL are plotted in the curves of 
Figs. 45 to 48. 

* The subject of energy consumption of trains running to different schedules, as 
also of the motor capacity to be instaUed, is dealt with by 0. T. Hutchinson, in a 
paper entitled *' The Belation of Energy and Motor Capacity to Schedule Speed in 
the Moving of Trains by Electricity," which was read before the American Institute 
of Electrical Engineers, vide <* Transactions," vol. xix. p. 129. See also a paper by 
W. B. Potter on '' The Selection of Electric Motors for Bailway Service " (iUd, 
p. 169). 
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a. 4T.— CnrrBs ^Ting Conserrative Estimates of the Energy Conaumptfon at tbe 
Traill tor Tariotu SoheduleE, andsi Normal Worklas Conditions (from oftlon- 
UtioDB of Table XXVI. based on the Ourres in Fig. i£). 
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Fig. 48. — Curves giving Ck>nservative Estimates of the Gapaoity of Eqnipment in 
Bated hp of Motors per Ton Weight of Train, necessary for operating Various 
Schedules under Normal Working Oonditions. 
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Table XXVII. gives a specification for a typical four-coach 
Lancashire and Yorkshire train^ and Fig. 49 is a photograph of the 
train. This four-coach train is employed both for a stopping service 
with runs of an average length of 1*32 mile between stations, in which 
case the schedule speed is 30 ml ph, and for an express service with 
a schedule speed of 44*5 ml ph, making one intermediate stop in the 
total run of 18*5 mile.* 

Tablb XXVn. — Speoification of Four-Ooaoh Train on Lanoabhibb and 

YOBKBHIBB BaILWAY. 

A. — ^Motor-Ooaoh. B. — Trailer-Ooach. C— Oomplete Four-Ooaoh Train. 

A. — MOTOB-OOAGH. 

Oenerctl — 

Total length over bnfiers 62 ft 9( in 

„ „ framework 60 ft 4| in 

Length between' centres of trucks 40 ft 6 in 

„ of motor compartment 4 ft 6) in 

f, of luggage compartment 6 ft 5| in 

„ of passenger compartment 42 ft 6 in 

There are two divisions in the passenger compartment, with a door between. The 
main doors are situated at the enos of the compartment. 

Height, over-aU, above rail level 12 ft 7] in 

„ of driver's cab floor above rail level 4 ft 4i in 

,, of passenger floor »> m . 4 ft 44 in 

„ of centre of gravity of coach above rail level 8 ft 9 in 

Width, over-all, outside 10 ft in 

Seating capacity (8rd Class) 69 

Weight of coach without passengers 46 tons 

„ of car body, includmg under-frame, air compressors, seats, 

upholstering, and aU fittings 22*6 tons 

Seats per foot length of coach 1*14 

„ per ton weight of coach 1*6 

Trucks — 

Both trucks on the motor-coach have each of their axles driven by motors, and are 
similar. 

Weight of motor-truck without motor 6*11 tons 

„ of complete motor-truck . . . . 12*46 tons 

„ sustained per axle on rail 11*6 tons 

Wheel-base of truck 8 ft 

Gauge of truck 4 ft 8} in 

Diameter of driving wheels 8 ft 6 in 

Electrical Equipment — 

Type or make of motor Messrs. Dick-Kerr 

Bated hp 160 

Method of control is the Dick-Kerr direct system. The two motor-coaches carry 
the electrical equipment at the ends of the train. A number of coaches are also 
arranged for Multiple Unit System of control. 

* For a description of the electrification of the Lancashire and Yorkshire Bailway 
the reader is referred to Mr. J. A. F. AspinaU's Presidential Address to the Institution 
of Mechanical Engineers (" Proceedings, Institution of Mechanical Engineers," 1909, 
No. 2, pp. 428-491). 



EFFICIENCY OF ELECTRICAL EQUIPMENT 85 

Partionlars of Gear on Motors- 
Spar wheel 48 teeth 

Pinion 22 teeth 

Gear ratio 1*96 

Weight of gear with case, about 122 kg 

Weight of one motor alone 2*76 tona 

„ of motor and gear 2*86 tons 

Number of motors per motor-ooaoh 4 

Total weight of motors with gearing jper motor-coach 11*7 tons 

Weight of balance of eleotri(»l eqmpment {ix. con- 
trollers, rheostats, etc.) per motor-coach .... 2*99 tons 
Total weight of electricu equipment per motor-ooaoh 14*69 tons 

Ratio of total weight of electrical equipment to weight 

of motors and gearing 1*24 

Weight of motor in kg per hp (rated) 18*6 

ff of motor and gear in kg per hp (rated) .... 19*4 

,, of motors and gear in kg per ton yreiffit of motor-coach . 269 

,, of all electrical equipment in kg per ton weight of motor-coach 828 

Ratio of total weight of electrical equipment to weight of motor-coach 0*828 

B. — Trailbb-Goaoh. 

Length over framework 60ftOin 

„ between centres of trucks 40 ft 6 in 

Total length of passenger compartment 68 ft in 

Diyisions of passenger compartment 2 

Arrangement of doors is similar to motor-coach— at the ends of the compart- 
ments. 

Height of top of coach above rail level 12 ft 7} in 

„ of floor above rail level 4 ft 4} in 

Width, over-aU, outside . 10 ft in 

Number of seats per coach (alternative) . .1st Glass, 66 (a) 

. . . . 8rd „ 80\b\ 
„ „ „ .... 8rd „ 90(c) 

Weight of trailer-coach (a and h) 26 tons 

„ (c) 27*68 tons 

Seats (1st Glass) per foot of length of coach 1*10 

„ „ per ton of weight of coach 2*64 

G. — GOMPLBTB TbAIN. 

Number of motor-coaches 2 

„ of trailer „ 2 

Total length of train over buffers 248 ft 6 in 

„ weight of train without passengers 144 tons 

Weight of motor-coach component 92 tons 

„ of trailer-coach „ 62 tons 

Totel seating capacity 270 

The motor-coaches are fitted with third-class seats, while there are trailer- 
coaches of both first- and third-dass seats. 

The seating capacities are — 

(1) 2 motor-coaches, 8rd class + 2 trailer-coaches, 1st class = 270 seats. 

(2) „ „ „ + 1 trailer, 1st class + 1 trailer, 8rd class = 284 

seats. 
(8) „ „ „ +2 trailer-coaches, 8rd class = 298 seats. 
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The first altematiye is more general. 

Number of motors per train .... 

Total hp per train 

„ weight of motors and gearing 
Weight of electrical equipment ^motor-coach) 
„ ,, „ (trailer-coach) 

Total weight of electrical equipment per train 
Seats per foot length of train (270 seats) . 



„ per ton weight of train 
llil 



Bated np per ton of train 

„ per seat of train 
Total weight of motors and gearing in kg per ton of train 

„ „ in kg per seat of train 

of electrical equipment in kg per ton of train 
„ „ in kg per seat of train 

Batio of total weight of electrical equipment to total train weight 



t> 
It 



II 



11 



,8 

. laoo 

23*89 tons 

29*876 tons 

0*675 ton 



29 



95 tons 

1-08 

1*87 

8-83 

4*44 

165 

88-7 

210 

118 

0-21 



The braking equipment consists of combined automatic, vacuum, and hand 
systems. 



Pie. 49. — Standard 4-Coach Lancashire and Yorkahire Tcan. 



CHAPTER VI 

THE DETERMINATION OF THE EFFICIENCY OF THE ELEC- 
TRIC AL EQUIPMENT OF THE TRAINS ON THE CENTRAL 
LONDON RAILWAY 

The Central London Eailway * is built with grades sloping down 
from the out-going end of the platform, and rising up to the arriving 
end of the platform. Throughout the length of the platform the 
track is level. The line originally extended from Shepherd's Bush 
to the Bank, and is 5*77 miles in length between those two stations. 
There are 11 intermediate stations, which, together with the two 
terminal stations — namely, Shepherd's Bush and Bank — ^make a total 
of 13 stations. The average distance between stations is — 

^ = 0-48 mile. 

The sketch in Fig. 50 is typical of the gradients on a repre- 
sentative section of 0*48 mile (772 m) length. On leaving the 
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IHreeiion of Running 



V?P7P> 






^7777^7777>. 






rr^sir 



Fia. 50. — ^Typical Gradients on a Section of 0*48 mUe (772 m) on the Central 

London Railway. 

station, every ton of weight of train experiences, during the time 
that electricity is being absorbed from the supply, a vertical fall 

* A very complete description of the Central London BaUway, accompanied by 
178 iUnstrations, was published in Tnusi^on and TranamisHont Nos. 29-31, 1903, by 
H. F. ParshaU, E. Parry, and W. Casson. 

87 



88 ELECTRIC TRAINS 

of 2*4 m. Thus, in addition to the energy transfonned from 
electricity into momentum and into heat, there is a certain amount 
of energy transformed from potential energy of altitude into mo- 
mentum and into heat. This latter amount is equal to 2*4 ton- 

(2400 \ 
-^^ = )6*6 w hr per ton weight of train. 

Since the distance between stops is 0*48 mile^ this potential energy 
of altitude works out at — 

jT^Tg = 140 w hr per ton-mile. 

By means of wattmeters on the train, measurements have been 
made of the total amount of electricity consumed during complete 
round trips from Shepherd's Bush to the Bank and back to Shepherd's 
Bush. The train, in the course of a complete round trip, started 
from a siding just beyond Shepherd's Bush station and pulled into 
Shepherd's Bush, where it stopped for passengers. After discharging 
its passengers at the Bank, the train ran into a siding just beyond 
the Bank station, stopped there, and returned to the Bank station, 
where it stopped to take on passengers. After discharging its 
passengers at Shepherd's Bush it again pulled into the siding and 
stopped. A complete round trip thus involved starting the train 
28 times. But in 4 out of these 28 starts it was only required to 
run the train up to a slow speed, and to traverse a very short 
distance. We may take these four operations as equivalent to one 
normal run over a 0'48-mile section so far as relates to energy 
consumption. Thus, we may analyse these round trips as if they 
had comprised 25 runs, each of 0*48 mile in length. For the pur- 
poses of tests, runs were made occupying 22 minutes for the journey 
from Shepherd's Bush station to the Bank station, and also occupying 
22 minutes for the return journey from the Bank station to Shepherd's 
Bush station. Since the distance each way is 6*77 miles the schedule 
speed is — 

II X 5-77 = 15-7 ml ph. 

The stops between stations were of 15 seconds' duration. A train 
making a schedule speed of 15*7 ml ph, and with a stop every 0*48 
mile, makes stops at the rate of — 

ig = 32-8 per hr. 

Thus, if the train ran continuously to this schedule, the aggregate 
duration of the 32*8 stops per hour would amount to (32*8 x 15 =) 



CENTRAL LONDON RAILWAY 



89 



492 seconds. Consequently, the train would be in motion during 
(3600 - 492 = )3108 seconds out of the 3600 seconds in each hour. 
The time elapsing from start to stop is thus — 

Qo.o = 95 seconds. 

Thus, we have — 

T = 95. 

The average speed, i.e. the average speed between stations, is thus — 

95 +15 



95 



X 15-7 = 18-2 ml ph. 



No exact measurements were made of the crest value of the speed, 
but the speed-time diagram shown in Fig. 51, drawn to comply with 
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Fig. 61. — Typical Speed-tiine Diagram for 0*48-inile Bon at Schedule Speed 

of 16*7 ml ph. 

the above-stated average speed, and for M = 0*48 and T = 95, must 
evidently be a close approximation to the truth. The crest speed of 
this speed-time diagram is 25*5 ml ph. Electricity is supplied to 
the train during the 48 seconds required to attain this crest speed. 
At that point the electricity is cut off, and during the remainder 
of the journey the propulsion-energy is supplied from the momentum 
of the train. At the crest speed (25*5 ml ph), the momentum of 
the train is — 

0*0278 X 1*09 X 25*52 = 19*7 w hr per ton. 
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The energy required to supply momentum is thus — 

19*7 

jrjK = 41'0 w hr per ton-mile. 

For the first 48 seconds, during which the energy required for over- 
coming train-friction is obtained from the supply of electricity and 
from the potential energy of altitude, the average speed is ascertained 
from Fig. 51, to be 17*1 ml ph. The distance covered during this 
time is consequently some — 

48 
jg^ X 17-1 = 0-228 mile = 366 m. 

Taking the train-friction at 6 kg per ton, our estimate of the energy 
required for train-friction is — 

367 ^X 0-48 ^ ^^'^ ^ ^ ^^ ton-mile. 
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Fig. 52. — Ouryes of Efficiency at Various Outputs for G.E.66A Motors and 

Equipment. 

Ourve E. — G.E.66A motor efficiency ^excluding gear). 

Curve F. — G.E.66A motor efficiency (including gear) as determined by bbctory tests 

at steady load. 
Ourve S. — Over-aU efficiency of the electrical equipment under actual service 

conditions. 



The total energy for momentum and train-friction thus comes to 
41-0 -h 12'5 = 53*5 w hr per ton-mile. If from this amount we 
deduct the 14 w hr per ton-mile supplied by the potential energy of 
altitude, we obtain a remainder of 535 — 140 = 39*5 w hr per ton- 
mile as that part of the electrical energy obtained from the supply, 
which is ultimately transformed into momentum and into the energy 
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of train-Mction. Thus, 39*5 w hr per ton-mile constitutes the 
output of the electrical equipment. Measurements of the input to 
the trains (i.e. measurements of the energy consumption) were made 
on trains composed of various numbers of coaches. The following 
study relates to the results obtained with trains of from 7 to 3 
coaches. The particulars of these trains, together with rough 
estimates of the train-friction, are given in Table XXVIII. l£e 
weight of the average passenger is taken as 62*5 kg (138 lbs). 
Each motor-coach weighs 23 tons and seats 42 passengers. Each 
trailer-coach weighs 14 tons and seats 48 passengers. 

Tablb XXYm. — Analysis of Tbain Tbstb on the Gexttbal London Railway. 



Nnmber of coaches per train. 



Number of motor-ooaohes 
„ of trailer-ooacheB. 

Total number of seats .... 

Weight of empty train (ton) 

Estimated average number of passengers 
and train staff during test run 

Weight of loaded train (ton) 

Fkntton of total weight of train allocated to motor- 
coaches, indndinff passeiigerB (ton) 
Ditto to trailer-coaches, indnding paasengers (ton) . 

Added distance aUowed for siding opera- 
tions at the two ends of the line (mile) . 

Total niunber of runs whioh are equivalent 
to a run over the representative section 
iFig.60) 

" Equivalent " total distance (mile) . 

Ton-miles for the round trip 

Total input to train per round trip of 25 
** equivalent " runs (w hr) 

Amount deducted for lighting and for the 
compressors of the braking equipment 
(w hr) . 

Total input required for traction per round 
trip (w hr) 

W hr per ton-mile of loaded train 

Portion allocated to momentum and train- 
friction 

Portion allocated to losses in the eleotriciJ 
equipment 

Oorresponding efficiency of electrical equip- 
ment 



2 

5 

324 

114 

80 
119 

46 

73 

0-48 



25 
120 
1,480 

85,000 



7,000 

78,000 
54-5 

89-5 

150 

72-5 



6 






2 

4 

276 

100 

64 
104 

46 

68 

0*48 



25 
12-0 
1,250 

77,700 



6,000 

71,700 
67-4 

89-5 

17-9 

68-9 



2 

8 

228 

87 

60 
91 

47 
44 

0*48 



25 
12*0 
1,090 

67,800 



5,000 

62,900 
57-6 

89*5 

18*1 

68*5 



2 

2 

180 

78 

54 

77 

47 

30 

0-48 



25 
120 
925 

62,000 



4,100 

57,900 
62*5 

89*5 

280 

68*2 



2 

1 

182 

60 

48 
68 

48 
16 

0*48 



25 
120 
766 

584200 



8,100 

50,100 
66*2 

89*5 

26-7 

59*6 



The gradual decrease in the efficiencies with decreasing numbers 
of trailers is readily understood when we consider that the average 
load on the motors is smaller the less the number of trailers, and 
that the efficiency of the motors falls off rapidly with decreasing load. 
To further elucidate this point, let us carry through the calcula- 
tions shown in Table XXIX. 
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Tablb XXIX.--OoHTmuBD Analysis of Train Tbsts oh the Obntbai. 

London Bailway. 



Knmb«r of ooachet per train. 



Number of motor-ooaohes. 
„ of trailer-coaches 
Weight of loaded train (ton) 
Input to traction equipment per ton-mile 

(whr) 

Ditto per train-mile (w hr) 

Ditto (kw hr per train per hour) 

Average rate of consumption of electricity 

per train by traction equipment (kw) 
Pressure at train (volts) 
Average current supplied to train for traction 

(amperes) 

Number of motors per train 
Ourrent per motor (amperes) 
Bated output of each motor (hp) 
Efficiency of motor, including gearing at its 

rated load (per cent.) 
Current input to motor at its rated load 

(amperes) 

Average current for these tests in per cent 

of current at rated load of motors . 
Over-all efficiency of traction equipment for 

entire run (per cent.) 
Average load on motors taken over entire 

run (kw) 

Ditto (hp) . . V . 

Average load per motor (hp) 

Percentage which average output oonsti 

tutes of rated load of motor . 
fAverage load on each motor in hp, taken 

over the time during which elecmcity is 

being consumed 

Percentage which this load constitutes of 

rated load 

^Efficiency of motor alone, from ftustory 

tests at steady load, for above average load 

while electricity is being consumed 
Batio of efficiency of motor at factory on 

steady load to efficiency of electrical equip- 
ment in service 



2 

5 

119 

64*6 
6,490 
102 

102 
600 

204 
4 
610 
126 

90 

206 

24-6 

72-6 

74-0 
991 

24-8 

19-8 

66-8 
46-6 

87-4 

1*20 



6 



2 

4 

104 

67-4 

6,960 

98-7 

98-7 
600 

187 
4 
46-8 
126 

90 

208 

22-6 

690 

64*6 
86*6 
21*6 

17*8 

49*6 
89*6 

860 

1*24 



2 

8 

91 

67*6 

6,260 

82*6 

82*6 
600 

166 
4 
41*8 
126 

90 

208 

19*8 

68*4 

66*6 
76*7 
18*9 

161 

48*4 
84*7 

84*6 

1*24 



8 



2 
2 

77 

62*6 

4,810 

76*6 

76*6 
600 

161 
4 
87*8 
126 

90 

208 

18*2 

68*2 

47*8 
64*0 
16*0 

12*8 

86-6 
28*6 

82-0 

1*80 



2 

1 
68 

66*2 

4,170 

66*6 

66*6 
600 

181 
4 
82*8 
126 

90 

206 

16*8 

69*6 

391 
62*4 
18*1 

10*6 

80*0 
24-0 

79-0 

1*88 



The four 125-hp motors and their control apparatus constitute aii 
aggregate equipment of 500 hp for each of the above trains. This 
electrical equipment weighs 9*8 tons. 

With this added data, let us institute a few further comparisons 
in Table XXX. 



* These values are obtained from the Motor Efficiency Curve given in Fig. 62 for 
the values of hp per motor given in Item f. 



Fio. 63.— Outside ElsTation of Central London. Motot-Coach. 



Fig. 64.— Outside Elevation of Central London Trailer-Coach. 



Fig. 55.^Interior View of Central London Tcailet-Coacli, 
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TaBLIB XXX. — OONTINUBD ANALYSIS OF TbAIN TbSTS ON THB ObXTTBAIi 

London Railway. 



Number of ooaches per tndn. 


7 


6 


6 


4 


3 


Weight of loaded train (ton) 
Bated hp per ton weight of train 
Weight of electrical equipment (kg per ton 
weight of train) 


119 
4-20 

82-4 


104 
4-80 

94-2 


91 
5-60 

108 


77 
6-60 

127 


68 
7-98 

155 



This last item, the weight of the electrical equipment per ton 
weight of train, will vary greatly with the service required as regards 
the schedule speed and the number of stops per mile. 

We have seen, in Table XXIX., that for a 6-coach train operating 
to a schedule speed of 157 ml ph, with a stop every 0*48 mile, the 
average load per motor during these test runs was only 21*6 hp, which 
is only 17'3 per cent, of the rated output of the motors. In regular 
service, with the less skilful manipulation of the average driver, 
and with the necessity of keeping to the time-table under adverse 
circumstances, such as occasional prolonged stops in discharging and 
embarking passengers, the average load will be from 20 to 25 per 
cent, more of the rated load, instead of the 17*3 per cent, obtaining on 
test. Under these conditions the temperature-rise of the motor after 
its day's work of from 15 to 18 hours' consecutive service, is some 60° 
The equipments are quite ample for handling 7-coach trains, but the 
traffic appears to be well met with 6-coach trains made up of two 
motor-coaches and four trailers in the busy hours. During the middle 
of the day, 3-coach trains, consisting of one motor-coach and two 
trailers, are sometimes substituted. 

WUle the schedule speed of 15*7 ml ph has been employed on 
occasions, with a running time of 22 minutes from Shepherd's Bush 
to the Bank, the customary schedule ia 14 ml ph, which cor- 
responds to a time of 25 minutes between Shepherd's Bush and the 
Bank. 

Table XXXI. consists of a specification of this Central London 
Bailway 6-coach train. Fig. 53 shows a photograph of the motor- 
coach complying with this specification, and Fig. 54 a photograph 
of the trailer-coach. A photograph of the inside of this Central 
London trailer-coach is shown in Ilg. 55. 

The Central London Bailway now extends beyond Shepherd's 
Bush to Wood Lane, and at the other end it is about to be extended 
beyond the Bank to Liverpool Street. This latter section was 
included in the preliminary scheme for the line, but, for various 
considerations, was not constructed. 
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Tablb XXXI. — Spboifioation of a Sec-Ooaoh Train on thb Obntral London 

Railway. 

A. — ^Motor-Ooaoh. B. — Trailer-Ooaoh. 0. — Complete Train. 

A. — MOTOB-OOACH. 

General — 

Total length of coaoh over headstocks 

Length of driyer's oab (and equipment compartment) 

„ of passenger compartment 

„ of rear platform 

Length between centres of bogies 

Height, over-all, from rail 

„ of passenger floor above rail 

Width, over-all, outside 

Seating capacity / 

Weight of coach without passengers 

on driving wheels without passengers .... 
on trailing wheels without passengers 
of coach body, including under-frame, air compressors, 
seats, upholstering and all fittings 






)f 



46ft6in 
12ftOin 
80ft8in 

SftSin 
29 ft in 
9ft4in 

2ft0in 

8ft6in 

42 

28-5 tons 

16*6 tons 

7*0 tons 

12*2 tons 



Seats per foot length of coach 
„ ton weight of coach 



0*92 
1-79 



if 



It 

9> 



Bogie Trucks — 

Weight of motor bogie without motor 

„ trailing bogie, about 
Whe^ base of motor Dogie 

„ of trailing bogie . 
Length over frame of motor bogie . 
„ inside frame of motor bogie 
Width over frame 

„ inside frame 
Qauge of track 

Weight sustained per motor axle (unloaded coach) 
Ditto (portiion which is spring supported) 
Ditto (portion which is mrect supported) 
Weight sustained per trailing axle (unloaded coach) 
Ditto (portion which is spring supported), about 
Ditto (portion which is direct supported), about 
Difloneter of driving wheels ^with new tyres) . 
„ of trailing wheels ( „ » ) . 
Axle diameter (motor bogie) mid frame . 

at hub 

at feex wheel seat 
at journals . 






it 



ti 
ft 



1* 



f> 



ft 



8*9 tons 

2*0 tons 

6ft 

6ft 

9ft6in 

8 ft 10 in 

6ft6in 

6 ft 10 in 

4ft8iin 

8*8 tons 

6*8 tons 

2*0 tons 

8*6 tons 

8*0 tons 

0*6 tons 

2 ft 11 in 

2ft6in 

6in 

6in 

6in 

. 4|in 



Electrical Eguipfnent — 

Type of motor ......... G.E.66A 

Bated hp 126 

Pressure in volts 600 

Efficiency (per cent.) full load 90 

I „ 90 

i „ 88 

i M 80 

The method of control is by the Multiple Unit System, there being two motor- 
coaches per train. The Electrical equipment is carried at the two ends of the train. 
The contactors and rheostats are placed in a steel compartment (behind the driver's 
cab) which is separated from the passenger compartment by a steel bulkhead and a 
lining of asbestos. 
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P&ridonlars of gear on motor- 
Cast steel spur wheel 69 teeth 

Mild steel pinion 16 teeth 

Batio 8*9i 

Weight (with case), about 210 kg 

Weight of one motor alone 1*76 tons 

Weight of one motor and gear 1*96 tons 

Motors per motor-coach (and per motor bogie) .... 2 

Total weight of motors with gearing per motor-coach . . 3*92 tons 
Weight of balance of electrical equipment (i.e. controllers, 

contactors, rheostats, etc.) per motor-coach . . . . 1*0 - 

Total weight of electrical equipment per motor-coach . . 4*92 tons 
Batio of total weight of electrical equipment to weight of motors 

j and gearing ^ . . . . 1*26 

Weight of motor in kg per hp (rated) 14*2 

„ „ and gear in kg perhp (rated) .... 16*9 
„ of motors and gearing in kg per ton weight of motor-ooaoh . 167 
„ of all electrical equipment in kg per ton weight of motor-coach 210 
Batio of total weight of electrical equipment to total weight of motor- 
coach 0*21 

B. — ^TBAIIiBB-GOAOH. 

Total length of coach over headstocks . . . . 46 ft 6 in 

Length of passenger compartment S9 ft 

„ of rear platforms, each 8 ft 8 in 

„ between centres of bogies 29 ft 6 in 

Height, over-all, from rail 9 ft 4j^ in 

„ of floor above rail 2 ft in 

Width, over-all, outside 8 ft 6 in 

Wheel base of bogies 6ftOin 

Seating capacity 48 

Weight of coach without passengers 18*6 tons 

Seats per foot length of coach 1*06 

„ ton weight of coach 8*66 

The doorways are 2 ft 10 in wide, and are situated at the ends of the passenger 
compartments. 

C— GoMPLBTB 100-Ton, 6-Coach Tbain. 

Number of motor-coaches 2 

„ of trailer-coaches 4 

Total length 276 ft 

Weight of motor-coach component 47 tons 

„ of trailer-coach „ 64 tons 

Total weight of 6-ooach train 101 tons 

„ seating capacity 276 

Number of motors on train . . i 4 

Total hp per train (rated) 600 

Weight of motors and gearing per train 7*84 tons 

Totfd weight of electrial equipment 9*8 tons 

Seats per foot length of train . . 1*00 

„ ton weight of train 2*78 

Bated hp per ton of train 4*96 

„ „ seat of train 1*81 

Total weight of motors and gearing in kg per ton weight of train . 78 

„ „ electrical equipment in kg per ton weight of train . 98 

Batio of total weight of electrical equipment to total weight of train 0*098 

The braking equipment consists of Westinghouse Automatic Brakes, for which 
motor-driven compressors and the necessary brake gear are provided beneath the 
coaches. 
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Examples. 

1. A railway line has its profile similar to Fig. 50, bat with a vertical fall of 4 m, 
and a distance between stations of 0*68 mile (1290 m). A train is ran over the 
line at a schedule speed of 20 ml ph. Estimate the actual train consamption. 

Ana, 84 w hr per ton-mile (100 w hr per ton-mile on lewH track). 

2. From Table XXVIil. plot^ the values of the energy input (w hr per ton- 
mile) as ordinates against train weights as abscissae, and notice the marked decrease 
in train consumption per ton-mile with increased train weight 

3. As determined from the speed-time diagram for a schedule speed of 25 
ml ph and 1*2 mile between stops, the input for momentum and friction was 64 
w hr per ton. 

Mean acceleration and deceleration was 1*5 ml phps. 
Estimate (a) Probable input per ton-mile. 
{h) Average input per ton. 

Aru, (a) 75 w hr per ton-mile. 
(6) 1*88 kw per ton. 

4. A train weighing 130 tons is to run to a schedule of 20 ml ph, 0*6 mile 
between stops, (a^ What motors should be installed? (() K the electricity is 
supplied for two-thirds of the distance, and train friction is 6 kg per ton, estimate 
the crest speed to be attained during each run if the efficiency of the equipment 
is 67 per cent. 

Atu. (a) Eight 160-hp motors. 
(h) 33*5 ml ph. 



CHA.PTER VII 

ANALYSIS OF SOME ENERGY CONSUMPTION TESTS OF 
TRAINS ON THE GREAT NORTHERN PICCADILLY AND 
BROMPTON RAILWAY 

The tests described in this chapter were made in March, 1907, on a 
train consisting of one motor-coach and three trailer-coaches. Each 
motor-coach weighed 27*5 tons, and each trailer weighed 16*5 tons, 
the weight of train, exclusive of passengers, thus aggregating 77 tons. 
The weight of the passengers on the train during these tests was 
estimated to average 3 tons, bringing up the weight of train, 
inclusive of passengers, to 80 tons. 

The train was run over the whole route, and the energy consumed 
at the train was recorded at each stop. The entire distance between 
the termini at Hammersmith and Mnsbury Park is 8*9 miles, and 
comprises 20 runs between stations. Thus, M, the average distance 
from start to stop, is — 

8*9 

^ = 0-445 mile. 

Two tests, A and B, were carried out. Each comprised two runs 
between termini, in opposite directions, and the average value of the 
schedule speeds in both directions was — 

For Test A . . . 14*56 ml ph. 

The average duration of stops at stations was 12 seconds. The 
running time between termini was — 

For Test A : ^^ X 3600 = 2200 seconds. 

14*56 

,, B: ^x 3600 = 2075 „ 

The 19 intermediate stops occupied an aggregate of — 

19 X 12 = 228 seconds. 
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Consequently, the total time during which the train was in motion 
was — 

For Test A . . . 2200 - 228 = 1972 seconds. 



» 



B 



2075 - 228 = 1847 



>> 



This gives for value of T, the time occupied by the average run from 

start to stop — 

1070 
For Test A -^ = 98*6 seconds. 



» 



B 



20 

1847 
20 



= 92-4 



>» 



The average speed from start to stop is — 

-c m .. A 98-6 + 12 . . ^^ 110-6 X 14-56 , ^ « , , 
For Test A : — 7;^ — X 14-56 = 7^7^775 = 16*3 ml ph. 



» 



B: 



98-6 

92-4 + 12 

92-4 



X 15-43 = 



98-6 

104-4 X 15-43 
92-4 



= 17*5 ml ph. 



The average time during which electricity was supplied to the 
train was — 

For Test A . . .41 seconds. 
B 44 

The maximum speeds were not recorded, but the two speed-time 
diagrams shown in Fig. 56 may reasonably be taken as approximating 
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FiQ. 66.— Average Speed-time Diagrams for Great Northern Piccadilly and 
Brompton Railway Tests A and B, from Values in Table XXXTT. 
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to the average conditions for these runs. From these speed-time 
diagrams we obtain — 



For Test A 
B 



9f 



maximum speed s 22*5 ml ph. 

= 25-0 ml ph. 



The altitude of the line at Einsbury Park is considerably greater 
than at Hammersmith ; but by averaging the energy consumption 
in both directions^ a rough approximation to the conditions of a level 
run is obtained. The average results for Tests A and B are set forth 
in Table XXXII. on the following page. 

The longest run between stops is the 0*99 mile between Baron's 
Court and Earl's Court. The shortest is the 0*18 mile between 
Leicester Square and Covent Garden. The average distance between 
stops over the entire route is, as already stated, 0'45 mile. It is 
instructive to compare the results for these three cases, averaged over 
the two directions, to eliminate grades so far as practicable. The 
three distances are 0*18 mile, 0*45 mile, and 0*99 nule. The average 
speeds from start to stop are 12*7 ml ph, 16*9 ml ph, and 20*8 ml ph. 
The amounts of energy consumed at the train work out at 121 
w hr per ton-mile, 78 w hr per ton-mile, and 59 w hr per ton-mile. 
Taking the duration of each stop at 12 sec, the corresponding 
schedule speeds are 10*2 ml ph, 15*0 ml ph, and 19*5 ml ph. Thus 
we have the following summary : — 



DlBtanoe between stops (mile). 


Scbedule speed (ml pb). 


Energy consnmptlon (w hr per 
ton-mile). 


0-18 
0*46 
0-99 


10-2 
160 
19-6 


121 

78 
69 



Although the schedule speed in the last case (i.e. the 0*99 mile 
run) is practically twice as great as in the first case (i.e. the 0*18 mile 
run), the energy consumption per ton-mile is only half as great. 
This is a strikmg example of the influence of the number of stops, 
which are 6 per mile in the first case and just about 1 per mUe in 
the last. 
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Forty-nine per cent, of the ran over this line is on curves, and 
for this re€U3on the estimates of the train-friction loss are based on 
atractive resistance of 8 kg per ton.* 

With these data the calculations of Table XXXIII. may be 
made — 



Tablb XXXm.-— Analysis of Tbain Tbsts on thb Gbbat Nobthebn 

PlCCADUiLY AND BbOMFTON BaIIiWAY. 



DesigiuiftioD of Tert. 



Mean length of run between stations (mile) .... 

Doration of stop (seconds) 

Time from start to stop (seconds) 

„ electricity is snppUed (seconds) 

Average speed (ml ph) 

Schedule „ „ 

Input for traction (w hr per ton-mile) 

Weight of train, including passengers (tons) .... 

Input for traction (w hr per train-mile) 

Kw hr per hr, m, average kw input 

Number of motors per train 

Avenge kw input per motor 

MaYimnm speed (ml ph), from Fig. 56 

Momentum energy per ton = 0*0278 x 1*09 x V (w hr) 

Ditto (w hr per ton-mile) 

Train-friction (kg per ton) 

Mean speed during time electricity is supplied (ml ph) 

Distance covered during this period (m) 

Train-friction energy during tnis perioa (w Iir per ton) 

„ „ „ (w hr per ton-mile) 

Output for momentum and train-friction (w hr per ton-mile) 
Residue of input to ascribe to losses in tne electrical equipment 

(w hr per ton-mile) 

Besulting over-aU efficiency of the electrical equipment 
Average kw output per motor ^from kw input and efficiency) 

„ hp „ „ (from kw output) .... 

n hp „ „ in per cent, of rated output of motor 
(200 hp) 

„ hp output of motor during time electricity is suppUed . 

Percentage which this load constitutes of rated load . 

Efficiency of the motor on factory test at this load, from Fig. 57 . 

Batio of faotorjf test efficiency of motor to over-aU efficiency of 

electrical eqmpment 




0-445 
12 
98*6 
41 
16-3 
14*56 
72*4 
80 
5790 
84*4 
2 
42*2 
22-5 
15-& 
84*4 
8 
14*6 
267 
5-81 
180 
47-4 

25*0 
65-5 
27*6 
37-0 

18*5 

100 

500 

89-2 

1-36 



B 



0*445 
12 
92-4 

44 
17-5 
15*43 
84-2 

80 
6740 
104 
2 
52*0 
25*0 
18*9 
42-5 
8 
16-2 
818 
6-94 
16-6 
581 

261 
690 
35-8 
480 

24*0 
114 
57*0 
89*5 

1*30 



In Fig, 57 is plotted the efficiency curve (including gearing) 
of this motor when operated from a 500-yolt circuit under the 
conditions of the manufacturer's tests at the works. Below the 
curve are the points corresponding to the efficiency of the electrical 
equipment as estimated from tests A and B as above described. 



* The subject of the influence of curves on the tractive effort, is briefly stated 
in Chapter IX. 
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The motors used on the trains tested are of the G.E.69B type, 
and their weights are given in the detailed specification of the trains. 









^20 









































"^ 














— 






/ 






























1 






^en 


ffl 




















i 






7i 




































































































• 








































































4l 





A 


7 


/A 


7 


/0i 





^ 




^ ito " 


^^w 



Fig. 57.— Efficiency Curve for G.E.69B Railway Motor, 500 volt, 200 hp, as used 
on Great Northern Piccadilly and Brompton Railway. 

compiled in Table XXXIV. A photograph of the outside of the 
trailer-coach is shown in Fig. 58, and the. general appearance of the 
inside of the coach is shown in Fig. 59. 



Tablb XXXIV. — Sfbcifigation ov Six Am) Foub-coach Trains on Gbbat 
NoBTHJBHN Piccadilly and Bbompton Bailway. 

A. — Motor-coach. B. — Trailer-coach. G. — Complete Train (Gl, Six-coach; G2, 

Four-coach). 

A.— MOTOB-GOAOH. 

General — 

Length of coach, over-aU 50 ft 

ff of coach, over platforms ■ 49 ft 

yy of driver's cab (and equipment compartment) . . 18 ft 8 in 

y, of passenger compartment 31 ft 6 in 

„ of rear platform • *8 ft 8 in 

,, between centre of bogies 33 ft 

Height, over-aU, from rail 9 ft 6} in 

,, of passenger floor above rail 1 ft 11 in 

Width, overaU, outside 8 ft 8} in 

Seating capacity 46 

Weight of coach without passengers 27*5 tons 

yy „ body including under-frame, air compressors, 

seats, upholstering and all fittings 12*4 tons 

Seats per foot length of coach 0*92 

„ ton weight of coach 1*67 



ft 
it 
If 
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Bogies and Trucks— 

Weight of trailing bogie, about S tons 

Wheel base of motor bogie 6 ft 6 in 

„ of trailing bogie 6 ft in 

Motor bogie, length over frame 9 ft 10^ in 

„ length inside frame 9 ft 6 in 

„ width over frame 6 ft 9 in 

„ width inside frame 6 ft in 

Trailixig bogie, length over frame 8 ft in 

„ width over frame 6 ft 6 in 

„ width inside frame 5 ft 9 in 

Gauge of track 4 ft 8) in 

Diameter of driving wheels 8 ft 6 in 

„ of trailing wheels 2 ft 6 in 

Elecir%c<U Equipment — 

Type of motor G.E.69B 

Bated horse-power 200-240 

The manu&cturer's usual rating is 200 hp« but on the generally aooepted rating 
for railway motors, i,e, 1 hour, 75^ G. basis, the motor develops 240 hp. 

Pressure in volts 500 

Bfficienoy, full load (200 hp) in per cent 88*0 

i ,, » » 89-0 

* » „ „ 89-2 

i » » „ 820 

Method of control is by B.T.H. Multiple-Unit System, there being two motor- 
coaches in the six-coach train, and sometimes one and sometimes two in the four- 
coach train. The contactors and rheostats are placed in a steel compartment (behmd 
the driver's cab). 

Gearratio 3*2 

Weight (with gear case), about 270 kg 

„ of one motor alone 2*51 tons 

„ of one motor and gear 2*80 tons 

Motors per motor-coach (and per motor bogie) .... 2 

Total weight of motors and gearing per motor-coach • 5*60 tons 

Weight of balance of electrical equipment (i.e. controllers, 

contactors, rheostats, etc.) per motor-coach . 1*68 tons 

Total weight of electrical equipment per motor-coach . . 728 tons 
Batio of total weight of electrical equipment to weight of 

motors and gearing 1*3 

Weight of motor in kg per hp (200-hp rating) .... 12*7 
„ „ „ „ (240-hp rating) .... 10*6 
„ M and gear in lig per hp f20O-hp rating) . . 14*2 
ft *> „ „ „ (240-hp rating) . . . 11*8 
„ of motors and gearing in kg per ton weight of motor-coach 207 
„ of all electrical equipment In kg per ton weight of motor-coach 270 
Batio of total weight of electrical equipment to total weight of motor- 
coach 0*27 

B.— Tbaileb-Goach. 

Length, over-all 50 ft 

„ of coach, over platforms 49 ft 

,, of passenger compartment 41ft 

„ of rear platforms 3 ft 8 in 

„ between centres of bogies 88 ft 

Height, over-all, from raU 9 ft 6} in 

„ of floor above rail 1 ft 11 in 

Width, over-aU, outside 8 ft 8} in 

Wheel base of trucks 5ft0in 
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Weight of truokfl (two) 

„ of body .... 
Seating capacity .... 
Weight of coach without passengers 

Seats per foot length of coach 
ton weight of coach 



» 



5*9 tons 

10*8 tons 

62 

16*2 tons 

1-04 
3*20 



01.— OOMFLBTE SlX-OOAOH TBAIN. 



Number of motor-coaches 2 

„ of trailer-coaches 4 

Total length of train 800 ft 

Weight of motor-coach component 65 tons 

„ of trailer-coach „ 65 tons 

Total wei^t of train 120 tons 

seating capacity 800 



»t 



Number of motors on train 4 



Total hp per train (motors, 200-hp rating) .... 

ft ,, (motors, 240-hp rating) .... 

Weight of motors and gearing per train .... 

TotiJ weight of electrical equipment . . ... 

Seats per foot length of train 

„ ton weight of train 

Bated hp per ton of train ^motors, 200-hp rating) 

„ „ „ (motors, 240-hp rating) 

Bated hp per seat of train (motors, 200-hp rating 

„ „ „ (motors, 240-hp rating) 

Total weight of motors ancl gearing in kg per ton of train 

„ „ of electrical equipment in kg per ton of train . 
Batio of total weight of electrical equipment to total weight of train 

The six-coach train is capable of division into two three-coach trains, which will 
have the same proportional values per ton and per seat of train as above. Extra 
master controllers are fitted on the centre trailer-coaches for use when divided into 
three-coach trains. Many of these three-coach (divided) trains are used during light- 
service hours, also some four-coach trains (two motor-coaches and two traUer-coaches). 

02.— OOMFLBTB FOUB-OOAOa TBAIN. 



800 

960 

11*2 tons 

14*6 tons 

1-0 
2-6 
6-66 
80 
2*66 
8*20 
94*7 
122 
0122 



Number of motor-coaches 

Number of trailer-coaches 

Total length 

Weight of motor-coach component . . . 
Weight of trailer-coach component 

Total weight of train 

Total seating capacity 

Number of motors per train 

Total hp per train (motors, 200-hp rating) 
„ „ (motors, 240-hp rating 

Weight of motors and gearing per train 
Total weight of electrical equipment 

Seats per foot length of train .... 
Seats per ton weight of tndn . . . . 

Bated hp per ton of train (motors, 200-hp rating) . 
„ „ „ (motors, 240-hp rating) . 

Bated hp per seat of train (motors, 200-hp rating) . 
„ * ), „ (motors, 240-hp rating) . 

Total weight of motors and gearing in kg per ton 

of train 

Total weight of electrical equipment in kg per ton 

of train 

Batio of total weight of electrical equipment to total 

weight of train 



1 


2 


8 


2 


200 ft 


200 ft 


27*5 tons 


65 tons 


49 tons 


82*5 tons 


76*5 


87*6 tons 


202 


196 


2 


4 


400 


800 


480 


960 


5*6 tons 


11*2 tons 


7*8 tons 


14*6 tons 


1-01 


0*98 


2*64 


2*24 


5*2 


9*2 


6*8 


11*0 


2*0 


4*1 


2*4 


4*9 


74-4 


180 


96*8 


169 


0*097 


0*169 
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The reader will not have failed to notice that not only in this. 
G.N.P. and B. train, but also in the C.L.R trains, and in the 
L. and Y. trains, the efficiency of the electrical equipment is higher, 
the greater the percentage of rated load carried by the motors during 
the time that electricity is being consumed from the line, to supply 
the electrical equipment on the train. In Fig. 60 the results already 
given of efficiency estimates for these three railways are brought 
together. The two results represented by small squares relate to 
the G.N.P. and B. tests which we have just analysed in this 




/i/xentu^ tfhich S¥TJ^£Mtd ^ Mcbot /rMc Chc G§etnctty is on, 
conatitytcs ^ th€ /fated Lojusfrfthe fi'foCor 

Fia. 60. — Grouping of the Over-all Efficiencies of Electrical Equipment for L. and 
Y.B., O.L.B., and G.N.P. and B.B., from Chapters V., VI. and VII. 



chapter. But for these two points the motors are taken at the 
rating of 200 hp for which they are sold. It is, however, well 
known that these motors rate at 240 hp when referred to the 
1-hour, 75° C. basis. The data given in Table XXXV. shows 
that on this latter rating, the average loads in the two cases 
were 41*6 per cent, and 47'5 per cent, of the (1-hour, 75** C.) rated 
load. 

The two results indicated by the two crosses in Fig. 60 represent 
the values in the last column of Table XXXV. The L, and Y. 
results of Chapter V. are indicated by the two triangles, and the 
G.L.E. results of Chapter VI. are indicated by the circles, the double 
circle representing the normal 6-coach train. 
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Tablb XXXV.— SHOwma the Loading of the Gbbat NoBTHBas Piccadilly 

AND BSOMFTON BaILWAY'B MOTOBS DUBINO THB TeBTS A AND B OF TABLE 

xxxm. 



4 

Average load in hp 
wbOe electricity 


Over-all efficiency of 

equipment in actual 

service. 


Percentage which A is of rated load when 
the rating is taken as— 


is on.— A. 


200 hp. 


240 bp. 


100 
114 


66*5 
690 


600 
57-0 


41-6 
47-6 



We thus see that, far from being contradictory, the results 
obtained on these different tests on three different railways, are in 
remarkable agreement, considering the inevitably rough practical 
nature of such tests on the road. 

We may, with considerable assurance, take the curve drawn in 
Fig. 60 amongst these points, to be fairly representative of modem 
equipments of series-wound, continuous-electricity railway motors. 
This curve teaches us the important lesson that there is a better 
reason than saving in weight, for advocating the application of forced 
draught to continuous equipments, since we could operate smaller 
motors at a much higher average load, and with a considerable 
improvement in the over-all eflBlciency of the equipment. With 
the excellent commutation attainable with modern interpole motors, 
the plan should be very practicable, since, even at the high over- 
loads encountered during the accelerating period, excellent com- 
mutation may be relied upon. 

Mr. J. R. Chapman, Chief Engineer of the Underground 
Electric Railways Co. of London, has supplied the author with some 
valuable data bearing on the question of the most economical 
schedule speed. The data applies to the Great Northern Piccadilly 
and Brompton Railway. Prom March 11 to April 29, 1907, the 
trains on this railway were operated to a schedule speed of 14*82 
ml ph. Prom April 29 to October 14, 1907, the schedule speed was 
15-24 ml ph, and after October 14, 1907, the schedule speed was 
161 ml ph. 

The following results are not in the form in which they were 
supplied to me, but are so arranged as to better supplement the 
earlier data in this chapter. The calculations involve certain 
assumptions which must, however, be closely correct. 
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Deaignation of senrlce. 



Sohedule speed (ml ph). 



Single-trip time (minutes) .... 
Avenge nmnber of coaches per train 
Estimated average weight of train, with passen- 
gers (tons) 

Nmnber of motor-coaches per train 
Consumption per ton-mile (from data supplied) 

(whr) 

Train-miles per week 

Consumption per train-mile (kw hr) 
Consumption per week (kw hi) , , , 
Consumption reduced to reference basis of 

40,000 train-miles per week 
Further reduced to reference basis of 70-ton 

trains 

Cost of electricity per week (taken at Id. per 
kw hr) ....... 



L 


U. 


14-8 


15-2 


86 
8*80 


85 % 
8-17 


67 
1 


65 
1 


670 
89,000 

4*50 
176,000 


78-0 
89,000 

506 
198,000 


180,000 


208,000 


188,000 


218,000 


£785 


£910 



m. 



161 



33 
400 

80 
1 

88-7 
42,500 

7-10 
802,000 

284,000 

248,000 

£1035 



With the 161 ml ph service, two less trains are required to 
provide the aggregate of 40,000 train-miles per week, than are 
required for the 14*8 ml ph service. Thus, from the (£1035 — 
£785 =)£250 per week greater cost for electricity, is to be deducted 
the cost of working two trains and the capital charges associated 
with them. It should also be remembered that the faster service 
constitutes a feature calculated to attract an increased number of 
passengers. This leads to a greater percentage of seats occupied. 
Furthermore, it is better to work a train at high speed, realize its 
earnings, scrap it after it has done its reasonable mileage and buy a 
new train, than spare it to the extent of spreading out over a greater 
term of years its total earning capacity. The former plan will 
obviously yield a greater return for a given amount of capital invested 
in rolling stock. . 



CHAPTER VIII 

ACCELERATION AND TRACTIVE FORCE 

The acceleration dae to gravity is usually denoted by the letter g. 
When expressed in meters per second per second (m psps) we 
have — 

g = 9-81. 

But 1 m psps is equal to 2*24 ml phps. Consequently, when 
accelerations are expressed in ml phps^ we have^ for the acceleration 
due to gravity — 

g = 9-81 X 2*24 = 220. 
We also have the relation — 

F = — X o 
9 

for the tractive force required to accelerate at the rate a, a body of 

weight W when moving in a frictionless medium. Consequently, if 

a, the acceleration, is expressed in ml phps, and if the body weighs 

1 ton (£.6. if W = 1*00), then, for the tractive force in tons per ton, 

we have the expression — 

220* 
For an acceleration of 1 ml phps, we have — 

F = ^rt;^ = 0*0455 ton per ton of weight accelerated. 

s 45*5 kg per ton of weight accelerated. 

While the entire train is being accelerated, producing a cor- 
responding increase in its translational momentum, certain parts — 
the wheels, axles and motor armatures — ^are gathering rotational 
momentum, and will need a corresponding amount of energy to 
provide such momentum. 

This point was considered in Chapter IV., where an additional 
9 per cent, was added to the translational energy to give the total 
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energy (i.e. including the rotational component). The same allow- 
ance should be made here, and, therefore, when accelerating at 1 
m phps, the figure of 45*5 kg per ton of material accelerated becomes 
49*5 kg per ton of train accelerated. 

Thus, we have the simple rule that when a train is being accele- 
rated, the component of the total tractive force required to provide 
the momentum (i.e. exclusive of the component required to overcome 
train-friction) is, per ton weight of train, and per ml phps of 
acceleration, equal to 49*5 kg. 

Thus, if a train weighs 70 tons, and if it is desired to bring it up 
to its crest speed, with an average acceleration of 0*90 ml phps, 
then the average tractive force during the accelerating period 
(exclusive of the amount required to overcome train-friction), is 
equal to — 

49-5 X 70 X 0-90 = 3120 kg, 

or 3*12 tons. If the average value of the train-friction during this 
period is 6 kg per ton, then the average tractive force required to 
overcome train-friction is equal to — 

6 X 70 « 420 kg, 

or 0*42 ton. Consequently, in this case, the average value of the 
total tractive force is equal to — 

3-12 + 0-42 = 3-54 tons. 

The average tractive force per ton is made up of — 

49*5 X 0*90 = 44'5 kg per ton for acceleration, and 

6*0 kg per ton for friction, 

resulting in a value for the average tractive force of — 

44"5 + 6*0 = 50*5 kg per ton, 

or a total tractive force of (0-0505 x 70 =)3-54 tons for the 70-ton 
train. 

In Fig. 61 is given a speed-time diagram for a run of 0*48 mile 
&om start to stop. The run is accomplished in 95 seconds. Con- 
sequently, the average speed is — 

—^ X 0-48 = 18-2 ml ph. 

After 48 seconds from the start the train has attained its crest 

speed of 25*5 ml ph. Consequently, the average acceleration during 

these 48 seconds is — 

25*5 

-— - = 0*53 ml phps. 

The acceleration is, however, varying during these 48 seconds. 
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At any given instant it is equal to the rate of change of speed at 
that instant. Taken over any very short interval of time, the curve 
is approximately straight. Thus, over the short portion extending 
from a speed of 14 iid ph to a speed of 16 ml ph, we may take it 
as a straight line. By drawing the small triangle indicated in Fig. 
61 we see that the change of 2 ml ph in the speed (i,e. the change 
of from 14 to 16 ml ph) occupies 2*7 seconds, for the speed is seen to 
be 14 ml ph 14*8 seconds after the start, and it is 16 nd ph after 17*5 
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Fig. 61. — Determination of Aooeleration and Power from Speed-time Diagram. 

seconds from the start. The average acceleration coiresponding to 
the mean speed of — 

li+i-6 = 15mlph 

is consequently — 

16-14 2-0 „-. , , 
17-5 - 14-8 = ¥i =®*^* "^ P^P'- 

If we extend the hypotenuse of this little triangle^ we obtain 
a tangent to the curve at the point corresponding to a speed of 15 
ml ph and to — 

)^l+m = 162 seconds 

from the start. By measuring the slope of this tangent in the scale 
of the axes, we obtain (see the large triangle) — 

22-4 -8-0 14-4 n^o 1 1. 
26-2 - 6-5 = 19^ = ^'^^ °^ P^P"- 
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(The base of this triangle may be conveniently arranged to 

measure an even figure — say 20 in this case — the result being, of 

., 21-6 - 7-0 ^.H„ V 
course, the same, ^ = O'To.) 

From the construction it is obvious that the result is necessarily 
the same as that obtained by the first calculation for the small triangle. 
Owing to the greater length of the hypotenuse, and the greater accuracy 
thereby obtained in the readings, the method of determining the 
acceleration at any point of the curve by drawing a tangent to the 
curve, and passing through that point, is the most useful and accurate 
graphical construction by means of which to calculate the acceleration. 
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Fig. 62. — Aooeleration and Power Onrves deduced from the Speed-time Diagram 

in Pig. 61. 



Otherwise expressed, we may say that the acceleration corresponding 
to any point of the speed-time diagram is proportional to the slope of 
the tangent to the curve at that point (the slope being the ratio 
of the vertical and horizontal distaiices between two points on the 
tangent, both distances being measured to the scales of the corre- 
sponding axes). Thus, the steeper the curve at any point, the greater 
the corresponding acceleration or deceleration, as the case may be. 

In Fig. 62 the upper curve represents the values of the accelera- 
tion for the first 48 seconds of the diagram in Fig. 61. 

It has been obtained by drawing lines tangent to the speed-time 
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diagram at each successiye 5 seoonds from the start The values of 
the slopes (i.e. the values of the ratio of the increment in speed to 
the corresponding increment in time) are equal to the values of the 
corresponding acceleration. Thus, referring again to Fig. 61, we see 
that the speed of 15 ml ph, for which we obtained 0*73 for the 
value of the corresponding acceleration, occurred 16*2 seconds after 
the instant of startmg from rest, and> turning to the upper curve in 
Fig. 62, we find that, corresponding to an abscissa of 16*2 seconds, 
the value plotted {or the acceleration is 0*73 ml phps. Further- 
more, if we obtain the mean ordinate of this acceleration curve for 
the 48 seconds which elapse from the start up to the crest speed of 
25*5 ml ph, we find it to be 0*53 ml phps, which, as we have 
already seen, is equal to the crest speed (25*5 ml ph) divided by 
the time (48 seconds) elapsing while this speed was being acquired. 
From this acceleration curve we could construct a curve showing 
the corresponding values of the tractive force per ton, by the rule 
that an acceleration of 1 ml phps requires (neglecting friction) a 
tractive force of 49*5 kg per ton, and by adding a further 6 kg per 
ton for the tractive force required to overcome friction. This portion 
of the calculation can, however, be well worked out tabularly, as in 
Table XXXVI.— 



Tablb XXXVI.—OaiiOttiiAtions ot thb Powbb GuBva vob thb SPEBD-Tnca 

DlAGBAU INDICATED IN FlO. 61. 



Interval 


Mean 
accelerat- 
ing rate 
during 
intenral 
(ml pbps). 


TractiTe force 
(kg per ton). 


ToUl 

tiactiTe 

force (kg 

perton> 


Meui 

speed 

during 

interval 

(mlph). 


Mean 

speed in 

meleni 

peraec 

■peed in 
mlph). 


Power 

per ton 

(kg m per 

BCC). 


Power 
per ton 
(watts> 


(■eoonde). 


Forac- 
celeratlan. 


For 


0-6 
6-10 
10-16 
16-20 
20-26 
26-80 
30-36 
36-40 
40-46 
46-48 


0*90 
0-99 
0-93 
0^0 
0-64 
0-41 
0-30 
0*22 
0-16 
0-12 


44*6 
49-0 
46-0 
34-6 
26-7 
20-3 
14-8 
10-9 
7-4 
6-0 


60 
6-0 
6-0 
6-0 
6-0 
6-0 
60 
6*0 
6-0 
6-0 


60-6 
66-0 
62H) 
40*6 
82-7 
26*3 
20-8 
16-9 
13-4 
12-0 


2-6 
6-8 
12-0 
16-0 
19-0 
21-2 
22-8 
24-0 
24-7 
26-4 


1-16 

304 

6-87 

7-16 

8-60 

9-60 
10-20 
10-73 
11-06 
11-36 
1 


69 
167 
279 
290 
278 
260 
212 
181 
148 
136 


680 
1640 
2740 
2840 
2730 
2460 
2080 
1780 
1460 
1330 



By multiplying the total tractive force (kg) at any instant by 
the speed in m ps at that instant, we obtain values of the power 
in kg m ps. Now, since — 

1 kg m ps s 9*81 watts. 
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we can obtain the power in watts by multiplying the above values 
for kg by 9-81. 

The figures in the last column, which are plotted in the lower 
curve in Kg. 62, represent the power delivered by the motors to 
the axles of the train. The average value is 1960 watts, while the 
maximum value is 2840 watts, or 45 per cent, greater than the 
average. These figures relate to the 48 seconds during which 
the train is drawing electricity from the Une. The time from start 
to start is, however — 

95 + 15 = 110 seconds. 

Consequently, the average power required at the axles over the whole 
run is — 

48 

=^ X 1960 = 855 watts per ton. 

The ratio of the maximum value to this average value for the entire 
run is 3*3. 

All these figures have related to the output from the electrical 
equipment. To change from power to energy, let us write down the 
855 watts per ton as 855 w hr per ton per hour. Now, since the 
schedule speed is 15*7 ml ph,* the average output of the motors is — 

rF-r^ = 54'5 w hr per ton-mile. 
15*7 ^ 

Working this out by our earlier methods of adding together the 
energy required for momentum and friction, we arrived at the result 
of 53*5 w hr per ton-mile (see Chapter VI. p. 90). The discrepancy 
(of 20 per cent.) is very slight, and is due to taking averages of 
ordinates separated from one another by so great an interval as 
5 seconds, and also to errors in deriving by graphical methods the 
acceleration curve from the speed-time diagram. 

It may, in general, be said that the subject is best approached 
from the standpoint discussed in the previous chapters, when the 
object is to estimate the input in w hr per ton-mUe, and from this 
acceleration-curve standpoint^ when studying the instantaneous values 
of the power required. 

In general practice it will be found that trains are equipped with 
sufficient motor capacity to ensure that the average load, taken over 
the entire journey y shall be only some 20 to 25 per cent, of the rated 
load on the 1-hour, 75° basis of rating. Taking such a case as that 
which we have just investigated, and assuming that it is desired that 

* The speed-time diagram of Fig. 61 is reproduoed from Fig. 51 of Chapter VI., 
where it wiU be found that the duration of stops is 15 seconds and the schedule 
speed 15*7 ml ph. 
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the motors' average load shall be only 25 per cent, of their rated load, 
then we find that the motors will, once during each run from start 

(15*7 \ 
g;jg = J32-8 times per hour, sustain a 

temporary load of— 

3*3 X 25 s 82*5 per cent, of their rated load. 

The ratio of maximum to average load, taken over the entire 

J'oumey, is often of the order of from 4 to 5 instead of the relatively 
ower ratio of 3*3 obtained in this example. 

For services where such high maxima would be occurring, it has 
been considered desirable to keep the avei'age load down to from 20 
per cent, to 25 per cent, of the rated load. Thus, in a case where 
the average load is 20 per cent, of the rated load, and the maxi- 
mum load is 5 times the average load, then the maximum load 
would work out at 5 x 20 = 100 per cent, of the rated load. In 
most instances of approved modem practice, the maximum load 
to which the motor is normaUy subjected at frequently recurring 
intervals has rarely been greater than the 1-hour, 75° C. rated load. 
Of course, for occasional grades, such as might occur at points in the 
route, higher loads are sustained, but for the maximum load periodi- 
cally occurring during each run from start to stop, the practical 
experience of years has led to setting this limit. When a motor-coach 
is brought in at the end of a day's constant running at its normal 
schedule, i,e. after from 15 to 18 hours, the thermometric tempera- 
ture rise of the motors should preferably not be more than eS'' above 
the temperature of the surrounding air. On the basis of this 
limitation, the maximum temperature at the interior of the windings 
will usually be at least 80"^ above the surrounding air. If the 
surrounding air should be at a temperature of 25^ this would bring 
the actual temperature of the hottest parts of the motor to at 
least 105°. 

Examples. 

1. Calculate the average tractive force required on a straight and level track to 
accelerate from rest up to a speed of 10 ml ph, in 17 seconds, a train weighing 
200 tons. (Allow 9 per cent for the momentum of the rotating parts, and take the 
train-friction at 6 kg per ton.) Ans, 7000 kg. 

2. For the conditions in question 1, at the moment when the speed of 10 
ml ph has been reached, what is the power being delivered from the motors to the 
driving axles ? Ans. 307 kw. 

3. What would have to be the percentage down grade in order that the above 
train, after acquiring a s^ed of 10 ml ph, should continue running at that speed 
without being supphed with power ? (Tnun-friotion, 6 kg per ton.) 

Ana, 0*6 per cent. 
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4. Ketaining the same tractive effort as in questions 1 and 2, how long would 
it take Uie train to acquire a speed of 10 ml ph it^ instead of starting on a level, it 
started on an up-grade of 1 per cent. ? Ans, 26 seconds. 

5. K, on the other hand, it is desired that it shall still acquire the speed of 10 
ml ph in 10 sec, notwithstanding the 1 per cent, up-grade, (a) what tractive effort 
must be provided, and (h) what will be the power delivered to the axles at the 
instant the speed reaches 10 ml ph ? (Train-mction, 6 kg per ton.) 

Ans. 13,100 kg ; 676 kw. 

6. If the 200-ton train starts on a down grade of 2 per cent., what tractive 
effort must be supplied to provide a constant acceleration of 0*9 ml phps. (Train 
friction, 6 kg per ton.) Ans. 6100 kg. 



CHAPTER IX 

TRAIN-FRICTION 

It has already been explained that the advantage of electricity over 
steam is most marked for services where the trains stop frequently. 
Since frequently-stopping trains are seldom or never running at 
constant speed for more than a fraction of a minute at a time, the 
energy required to supply the momentum corresponding to the crest 
speed usually constitutes^ as we have seen, the greater part, or, at any 
rate, a very large part, of the total energy consumed by the train, and 
the energy required for overcoming train friction is but a small 
proportion of the total energy consumed. Let us now turn our 
attention to the other extreme, where the trains stop only at rare 
intervals, and where, consequently, the energy required to supply the 
momentum is but an insignificant portion of the total energy consumed. 
If we neglect this portion, then there remain but two components. 
One of these components is the energy required for overcoming train- 
friction, i.e. the energy transformed into heat at the bearings, at the 
contacts of the wheels with the rails, and in air friction, and the other 
is the energy supplying the losses in the electrical equipment, i.e. the 
energy transformed into heat in the electrical equipment. If the 
electrical equipment of the train were of 100 per cent. efGiciency, then 
the total energy consumed would be exclusively that required for 
train-friction. 

For certain reasons which I shall endeavour to explain in the 
course of this chapter, it is very difficult to analyse the tests which 
have been made to determine train-friction under various circum- 
stances. It appears, however, conclusive that when, over a level and 
well-built permanent way, a train is running at a constant speed, the 
tram.Mction is very much lees than when the train is driven at varying 
speeds, the mean value of which is numerically equal to this constant 
speed. Whereas for speeds fluctuating between and 30 or 40 ml ph 
we have taken 6 kg per ton as a suitable basis for estimating Uie 
friction component, the appropriate values for constant speeds 
throughout this range, are much less. Several considerations 
influence the values appropriate for dififerent cases, but for a 
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representative 100-ton passenger train, the values in Table XXXVII. 
are illustrative of the dependence of the tractive force on the speed. 

TABLE XXXVn. — Tractivb Fobcb bbquibbd fob the Pbopulsign 

AT GONBTAITT SpBED OF A 100-TON TBAIN. 



Speed (ml ph). 


Tractive force required to overcome 


train resistance (kg per ton). 


10 


1-5 


ao 


2-6 


30 


3-6 


40 


4-7 


50 


6-6 


60 


8'3 


80 


12-8 . 


100 


18-5 



The last few speeds in the above table are, of course, much higher 
than can be employed with frequently stopping trains, but they are 
given as of general interest. It is often desirable to add 15 per cent, 
to the values in the above table in order to be conservative. 

Let us take the case of a 100-ton train running at a constant speed 
of 30 ml ph. We see from the above table that the tractive force 
would be of the order of 3*6 X 1'15 = 4'15 kg per ton. Since there 
are 1609 meters in one mile, and since 1 w hr is equal to 367 kg m, 
the energy required at the axles to overcome train-friction is, in this 
case, of the order of — 

4-15x1609 .Q- . . ., 
^^= = 18*1 w hr per ton-mile. 

If the train is propelled by motors so geared that, when running at 
their rated speed, the train travels at 30 ml ph, then the conditions 
for this constant-speed equipment wiU be so very much more favourable 
than in the case of the series-parallel equipments employed for 
frequently stopping trains, that it will be conservative to take the 
over-all efficiency of the electrical equipment as high as 80 per cent. 
The input to the train will then be — 

18'1 

pr-^A = 22*6 w hr per ton-mile. 

0*80 ^ 

Since the train's speed is 30 ml ph the input may also be expressed 
as (22'6x30 = ) 677 w hr per ton per hour, or we may say that the 
power required by the train is 677 watts per ton. The total power 
required for the 100-ton train is 67,700 watts. The output from the 
motors is — 

67,700 X 0-80 ^^ ^ , 
746 = 72-5 hp. 
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Two 40-hp motors would be ample for the work. For such an 
equipment we should not employ the 1-hour rating ; for since the 
train runs at constant speed, the motors would be designed to cany 
their rated load continuously without undue temperature rise. The 
motors would be of the totally enclosed type. The weight of such 
motors is less the greater the rated speed in rpm, but even if they 
are designed for low speed, the weight of the total electrical equip- 
ment would only be of the order of 5 tons. With forced circulation 
of air the weight of the electrical equipment could be still further 
decreased, but there would not be sufficient justification for this^ 
since in any event, the weight of the electrical equipment is only 
some 5 per cent, of the total train weight. 

A 100-ton train for this same schedule speed of 30 ml ph but 
designed and equipped to make one 20-second stop per mile, would 
have an energy consumption of some 160 w hr per ton-mile (see Fig 
45), and would have to carry an electrical equipment (on the 1-hour, 
75° C. basis of rating) of 18 hp per ton, or a total of 1800 hp. If not 
ventilated by forced draught, such a train would probably carry an 
electrical equipment weighing at least 15*5 kg per rated hp. The 
total weight of electrical equipment is thus — 

0-0155 X 1800 = 28 tons. 

Of the total train weight of 100 tons, some 28 per cent, would 
be represented by the electrical equipment. The weight of the 
electrical equipment of this stopping train is at least some five times 
as great as that of the constant-speed train for the same schedule 
speed. 

This rough comparison has been traced through for the purposes 
of again emphasising the predominating influence of the momentum 
in the operation of city and suburban passenger trains. 

The data which engineers usually have in mind as regards the 
coal burned on a locomotive per train-mile are based on runs of very 
considerable distances between stops, and the natural mistake is liable 
to be made of comparing these coal consumptions per train-mile with 
the coal consumption figures obtained at Electricity Supply Stations 
from which electric trains obtain their power. Obviously, it must be 
remembered that electric traius are usually operated on services 
with Sequent stops, and require at the train much greater amounts 
of power than are required by trains hauled by steam locomotives. 
Thus, at 50 ml ph, a non-stopping 100-ton electric train only requires 
some — 

6-6 X 115 X 1609 .o v ^ -1 

367 X 0-80 = 42whr per ton-mile. 

This is only half as much energy per ton-mile as is required by a 16 
ml ph 100-ton train making 2 stops per mile. The point to be noted 
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is that the particular field for which electric proptQsion is so admirably 
appropriate is in operating city and suburban services, and that if 
steam locomotives could provide the high speeds, together with the 
frequent stops, which are attainable by electrical methods, the coal 
consumption of such steam trains would be much in excess of the 
coal consumption of much faster steam trains making only infrequent 
stops. 

The values given in Table XXXVII, only relate to the train-friction, 
and are exclusive of the friction of the gearing through which the 
power is transmitted from the electric motors to the axles. The motor 
gearing is in most calculations conveniently considered as part of 
the motor, and the gear-friction loss is considered as one component 
of the total loss in the motor. But there is the difference that, 
whereas all the other losses in the motor cease at the instant when 
the electricity is cut off from the train, the gear loss continues so long 
as the train is in motion. Thus, the deceleration during coasting (i.e. 
drifting) is proportional to the train-friction plus the gearing friction. 
The gearing friction is by no means negligible in comparison with 
the train-friction. On the contrary, it constitutes a very important 
component of what we may, for convenience, term the " inclusive " or 
" over-all,'* friction. 

The question is so important as to justify us in working out a 
case. Let us consider a motor-coach with an electrical equipment 
comprising two 150-hp motors. The complete weight of the motor- 
coach, including the electrical equipment, is 39 tons. At a speed of 
45 ml ph the frictional resistance, exclusive of gearing, may be 
taken at 5'4 kg per ton, this value corresponding roughly with the 
data in Table XXXVII. If the load consisted exclusively of the 
train friction, then at 45 ml ph the output from the two motors 
would be calculated as follows : — 

Total tractive force = 39 X 5-4 = 210 kg 

Q , 45 X 1609 ^^ , 
Speed = — ggQg — = 201 m ps 

Output = 210 X 201 = 4230 kg m ps 
= 4230 X 9-81 = 41,400 watts 

41,400 ... , 

This is, of course, a very small load for an equipment with 300 
aggregate rated hp ; the output per motor is only — 

^ = 27-6 hp, 
or 18*4 per cent, of the rated load of the motor. 
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At rated load of 150 hp the gear loss in this motor is 4 per cent, 
of the output, thus being — 

150 X 746 X 0-04 = 4480 watts. 

The gearing loss in railway motors may, for rough calculations, be 
taken constant at all loads. At 45 ml ph the Motion loss of the 
train, inclusive of gearing, is 41,400 + 2 x 4480 = 50,360 watts, 
and this is the load delivered from the armature axles of the 
motors to their gearing. The train-friction, inclusive of gearing, 
is thus — 

50,360 



41,400 



X 5'4 = 6*6 kg per ton, 



of which (6*6 — 5*4 =)1*2 kg per ton is due to the gearing. Had 
the motor-coach been provided with four motors instead of With two 
motors (and this is very often the case), then the friction of the motor- 
coach would have been (5*4 + 2 x 1*2 =)7'8 kg per ton. In this 

(7*8 \ 

^ = 1*45 j45 per cent higher frictional 

resistance per ton than would be obtained with a trailer-coach. In 
this case, when all the four axles carry motors, the increased electrical 
equipment will bring the weight of the motor-coach up to 46 tons. 
Let us, from this point onwards, keep such a four-motor equipment in 
mind. The equipment is amply able to operate a heavy train of 
trailers at the speed in question, namely, 45 ml ph. Let us add five 
trailers, each of a weight of 26 tons. Thus, the five trailers will, at 
45 ml ph have a resistance of (5 x 26 X 5*4 = )700 kg as against 
the resistance of (46 X 7'8 =)360 kg for the four-motored coach 
which hauls the train. The total weight of the train is — 

46 + (5 X 26) = 176 tons, 
and the average train- friction is — 

700 -f 360 1060 ^^, 

— 176 — = 176" = 60 kg per ton. 

The longer we make the train by the addition of trailers, the 
more nearly will the train-friction approach 5*4 kg per ton. In 
Table XXXVIII. are worked out the values for trains with one 
motor-coach, and successively 1, 2, 3, 4 and 5 trailers. 
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Table XXXVIII. — SHOwmra the Influence on the Total Fbictional Resist- 
ance OF A Tbain, of adding Tbaileb-Goaches. 






a 



1 
2 
3 
4 
5 
6 



lis 

•Sll II 



IM 
IM -f- IT 
lM-f2T 
lM-f-3T 
IM-f 4T 
IM -f 5T 



d 

1 

■*» . 

•as 
S: 



46 

72 

98 

124 

160 

176 



Is 

bO-g 

^8 



46 




860 



Weight of trailer- 
coach component 
(tons). 


Frlctional reaiftance 
of trailer-coach com- 
ponent (kg), %.e. 
5*4 X weight. 


Total frlctional re- 
sistance of train (kg). 






860 


26 


140 


500 


52 


280 


640 


78 


420 


780 


104 


562 


922 


180 


700 


1060 



is 



60 

1*2 



7-8 
7-0 
6-5 
6-3 
6-1 
60 



In the above example I have laid stress on one of the two 
important influences in virtue of which long trains (usually also 
heavy trains) demand a lower tractive force per ton of weight than 
short (usually also light) trains. 

A second influence the importance of which is very dependent 
upon the speed, relates to air friction. Air friction only commences 
to be of importance at speeds of some 30 ml ph, and the air resist- 
ance in kg per ton is less the greater the length of the train. The 
train-friction values in Table XXXVII. were given for 100-ton 
trains, so that they will be applicable to the 3-coach train of Table 
XXXVIII. Now, with a shorter train, the frlctional resistance per 
ton, other than air friction, will increase in the manner which has 
lust been determined, but the air resistance per ton will also be 
greater, due to the pr^ominating influence of the air friction at the 
front and rear of the train, and will tend to accentuate the differences. 
Considering, then, the resistance of the 3-coach train as correct, the 
values for the other trains, when this change of air resistance is duly 
considered, will conform more to the dotted curve in Fig. 63, where 
the fuU-line curve is that plotted from the results in Table 
XXXVIII. The factional resistance of the 3-coach train is taken 
the same in both cases. 

A series of tests were made at Zossen,* near Berlin, in 1903, to 
determine the frlctional resistance of electric trains at high speeds. 
Some of the results are given in Table XXXIX, (p. 122), where the 
component resistances are shown. It is seen from the table that at 
about 40 ml ph the air resistance, for the conditions of the Zossen 



* A detailed description of the BerUn-Zossen Tests is given in " Electric Railway 
Engineering," byParsnall and Hobart (Constable and Co., 1907). 
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tests equalled the remainder of the frictional resistance. In the 
values of the frictional resistance given in Table XXXVII. the air 
resistance has been included as part of the total train resistance. 
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Fia. 63. — Curves showing Tendency of Train Besistance to decrease with 

Increased Weight of Train. 

Tablb XXXIX. — Values of Fbictional Resistance deduced fbom the Bebi4IN- 

ZossEN Tests with an 83-ton, 75-poot Coach. 



Speed In ml ph. 


Mechanical resistance 

(track and axle friction) 

(kg per ton). 


Air resistance (kg per ton) 


Total frictional resistance 
(kg per ton). 


40 


2-2 


2-3 


4-5 


50 


2-4 


3-6 


60 


60 


2-6 


6-3 


7-9 


70 


2-8 


7-0 


9-8 


80 


30 


90 


120 


90 


3-2 


11-4 


14-6 


100 


3-4 


14-2 


17-6 


110 


3-6 


17-8 


21-4 



A third factor, which does not in reality affect the train resistance, 
but which at first sight obscures the matter, is the varying efficiency 



TRAIN-FRICTION 1 2 3 

of the electrical equipment with varying load. Time and again, tests 
have been published in various countries, the results of which 
appeared to indicate a very remarkable diminution in the train 
resistance per ton^ for long trains, as compared with short trains. I 
am of opinion that much too great a portion of the decreased input 
to the train (per ton of its weight) with increased weight of train^ has 
been ascribed to decreased air friction, and that a factor of great 
importance has been overlooked. This factor relates to the increas- 
ing efficiency of the electrical equipment with increasing load, i.e. 
with increasing number of trailers hauled. The curve in Fig. 60, on 
p. 105, shows conclusively that there is a very considerable increase 
in efficiency with increasing load, even for a comparatively small 
range in the values of the loads carried by the motors. The results 
in Kg. 60, however, refer to runs with frequent stops, and are there- 
fore not directly applicable to the present case of constant-speed 
running. The variation in the efficiency of the electrical equipment 
is even more pronounced when a test is first run with a single motor- 
coach at such a speed, or under such conditions, that the equipment is 
only very lightly loaded, corresponding tests afterwards being made 
with the motor-coach hauling enough trailers to load the motors well 
up toward their rated capacity. 

Let us take our 46-ton motor-coach, with its equipment of four 
150-hp motors, and let us roughly estimate the input for a speed of 

45 ml ph, first when the motor-coach is running without any trailers, 
and: afterwards with 2, 4, 6 and 8 trailers. The motor-coach weighs 

46 tons, and each trailer-coach weighs 26 tons. Consequently, our 
calculations will relate to 5 trains weighing respectively 46, 98, 150, 
202 and 254 tons.* Let us ignore the variations in the air resistance 
per ton with increased length of train, in order to be the better able 
to study the influence to which we wish at this point to chiefly direct 
our attention. The calculations in this case are facilitated by con- 
sidering the gearing to be part of the motor. We shall consequently 
take the train-friction throughout at 5*4 kg per ton. The tractive 
forces in the five cases are thus, 248, 529, 810, 1090 and 1370 kg, as 
set forth in Table XL. From the tractive force we determine the hp 
output of the motors when operating the trains at 45 ml ph (i.e. 20*1 
m ps) in the same way already employed earlier in this chapter. There 
being four motors, the output per motor is 25 per cent, of the total 
output ; and then by referring to the efficiency curve of a typical motor 
of the same rated hp (Fig. 43 on p. 72) the respective efficiencies of the 
motor at these outputs are obtained. It is seen that the first train, 
consisting of a motor-coach and no trailers, only requires 11 per cent, 
of the rated output of the motors when running at this constant 
speed, and the efficiency of the motors consequently has the low value 
of 40 per cent. During these tests the motor efficiency is the only 
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i&ctoT that need be considered, in order to arrive at the results in 
view. When two trailers are added, it is seen that the motor efficiency 
rises to 75 per cent., and that the load is 23 per cent, of the rated 
output. Tlus ease (the 98-ton, 3-ooach train) is taken as the repr&- 
sentAtive one for operation by one motor-coach, and the other trains 
are referred to it. In t«sts similar to those under consideration in 
this chapter, it would appear that the tractive force has frequently 
been erroneously deduced from the readii^ of the electrical input to 
the motors, and serious error would appear to have been involved, 
owini; to taking a constant efficiency for the electrical equipment, i.e. 
it would appear that the output has been taken as being a constant 
ratio to the input, or that insufBcient allowance has been made for 
the change in efficiency with load. For instance, in the case of the 
5-coach train, the true motor efficiency is some 83 per cent., but if the 
75 per cent, efficiency were adhered to (as in the standard 3-coach 
train) the true tractive force would be greater than the apparent 
tractive force (obtained by employing this 75 per cent, efficiency) in 
the ratio of — 

(810) to (810 x~) 

that is, in the ratio of 810 to 730. In other words, the equipment 
would have been credited with 8 per cent, less efficiency than it was 
really yielding, and hence the frictional resistance was in reality 
greater than was ascribed to it. 
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A total tractive force of 730 tg corresponds to an apparent 
frictional resistance of 4'9 kg per ton, as against the true value 
(exclusive of gear loss) of 64 kg per ton. The error is particularly 
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striking in the first case in the table, vrhere the train consisted of a 
single motor-coach, and where the efficiency, owing to the light load, 
is very low, and where, consequently, the apparent value for the 
tractive force is much greater than the trus value. 

The last column shows that the effect of overlooking the change 
in motor efficiency would be to give an erroneous impression that the 
anticipated result had been obtained — that is, that there had been a 
great diminution in the frictional resistance with increased train 
length. The apparent results accentuate beyond its true value, the 
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Fig. 64. — Carve showing Change of Tractive Besistance with Weight of Train as 

obtained from Besults of Tests given in Table XIJ. 

diminution with increasing length of train, of the frictional resist- 
ance per ton weight of train. 

Some interesting tests have been made by Armstrong, Potter, 
Aspinall and others to investigate the change of tractive resistance 
wi£h increased train length, and the results fully confirm the general 
considerations which have been set forth in this chapter. 

Aspinall has published results of some very complete tests* carried 
out with a view to obtain the effect of varying length of train. Table 
XLT. gives the average values obtained, and these are plotted in Fig. 64. 



* « Proceedings of the Institution of Civil Engineers,*' vol. olxxiz. p. 121. 
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Here it will be seen that the tractive force decreases from 10*7 
kg per ton when the train consists of two motor-coaches and no 
trailers, down to 6*5 kg per ton when five trailers are added. If the 
trailers are only debited with a tractive force equal to the increase 
of the total input to the train over the input required by the motor- 
coaches alone the tests would appear to indicate that the tractive force 
per ton of added trailer would be of the values entered in the last 
column, i.e, some 3*5 kg per ton of trailer, as against some 10*7 kg per 
ton of motor-coach. 



Table XLI.— -Average Values of the Results obtained dubing Tests ov the 
Tbactive Bebibtange on Lanoabhibe and Yobeshibe Railway. 



S 



2 
3 
4 
6 
6 
7 



•g"ii 



2M only 
2M + 1T 
2M + 2T 
2M + 3T 
2M + 4T 
2M + 6T 



Length of 
train. 



(R) 
124 

186 

248 

310 

372 

434 



(m) 
38 
67 
76 
95 
114 
133 



3 

s 

« 



92 
118 
144 
170 
196 
222 



CD . 



ll 
II 



I 

CO 



61-7 
49-9 
47-6 
46-7 
42-5 
40-3 






984 
1071 
1148 
1230 
1320 
1458 






10-7 
9-1 
80 
7-3 
6-7 
6-6 



II 



26 

52 

78 

104 

130 



^00 






87 
164 
246 
336 
474 



60 



e 

4> 







I 



3-4 
3*2 
3*2 
3-3 
3*6 



While the published results are not accompanied by data permit- 
ting of confirming my opinion^ it nevertheless appears to me that, 
notwithstanding that each motor-coach had four motors and, conse- 
quently, four sets of gearing, it is probable that, at the speeds indicated 
in the table, the tractive force, including the friction of the gearing, 
would, per ton of motor-coach, have been more of the order of 8 kg, and 
that the further 33 per cent, of apparent tractive force in the case of the 
2-coach train is to be accounted for by the very high percentage of loss 
in the electrical equipment, since the motors, when no trailers were 
included in the train, were only loaded up to some 18 per cent, of 
their rated capacity, and would, consequently, have only very low 
efl&ciency. Conversely, a trailer friction of some 5 kg per ton in 
place of the 3'5 kg per ton could be arrived at by crediting the 
electrical equipment with a much higher eflBciency, owing to the 
much greater percentage of rated load at which it was working. For 
it must be kept prominently in mind that a higher efiGiciency of the 
electrical equipment means a lower percentage of losses in the 
electrical equipment, and hence, for a given input, higher losses 
due to train resistance* These suggestions axe only put forward 
as a view which, whether justified or not justified in the case of 
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these particular tests, should be carefully considered, as it has an 
important bearing on the subject of train-friction. 

The higher tractive resistance of motor-coaches which we have 
considered, at once throws light on similar effects observed with dectric 
locomotives in which geared motors are employed. Hutchinson * has 
carried out tests of the frictional resistance of some steam and electric 
locomotives. 

The tests were first suggested by the energy required to haul trains 
through tunnels^ when an idle steam locomotive constituted part 
of the trailing load. Hutchinson says, " The power required to haul 
these trains seemed greater than it should be ; investigation showed 
that the difference was accounted for by the unexpectedly high 
frictional * resistance of the steam locomotives as a trailing load." 
Tests were made (at a speed not stated in the paper) by towing the 
steam locomotives behind an electric locojnotive fitted with test 
instruments, and the total tractive effort was deduced from these tests. 

Table XLII. — ^Valubb ov thb Fsictionaxi Besibtahgb of Logomoxxvxb as 

DETBBMINED FBOM TeBTS BY HXJTGHINBON. 



Looomotiye clawificatioD. 


Total weight of 

looomotiTe 

with tender. 


Net frictional 

reeiBtaiioe 

of looomoMve 

and tender (kg). 


Frictional 

Resistance 

(kg per ton). 


MaUet No. 1904 .... 
Mallet No. 1911 . . . . 
MaUetNo. 1905 . . . . 
GonsoHdation. .... 
Pacific 


250 
250 
250 
160 

188 


4910 
4090 
7120 
2480 
1760 


19-5 
16-3 
28-6 
15-7 
9*4 


Electric 


115 


680 


5-9 



Previous tests on trailing coaches gave a figure of 2*7 kg per ton 
for the tractive resistance. This allowance was made for the electric 
locomotive in the above tests, and after making corrections for the 
grade, the frictional resistance was obtained. The results are given 
in Table XLII. for five steam locomotives and one electric loco- 
motive. The frictional resistance of a steam locomotive and tender 
is seen to average 18 kg per ton — in one case reaching the high 
value of 28*6 kg per ton. The total resistance of the electric loco- 
motive, including the friction of the gearing and motor bearings, was 
5'9 kg per ton — a value over twice as great as that obtained for 
the trailing rolling stock. 

Another set of test results of great interest, and bearing on the 

* " Transactions of the American Institute of Electrical Engineers," vol. zzviii 
p. 1436. 
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subject of this chapter, are those obtained by Davis and analysed 
by Armstrong.* In Table XLIII. are given the results at which 
Armstrong arrived for the train-friction at various speeds for three 
cases— first a 280-ton train, then a train of 70 tons, and finally a 
35-^ton single coach. The tests indicated that trains heavier than 
280 tons did not have an appreciably lower tractive resistance. 

Table XLIII. — Valuss of thb Tbagtivb Bbbistance ov Tbains of Vabioub 

WbIQHTS, as OBTAUinBD FBOM AbMSTBOMO'S ANALYSIB OF TbSTB B7 DaVIB. 



Speed (ml ph). 


Tractive resiflUnce (kg per ton). 


aso-ton train. 


TO-ton train. 


35-ton 
single coacli. 


20 
80 
40 
50 
60 
70 
80 


. 4-1 
50 
5-9 
70 
8-2 
9-4 
10-7 


50 
6-8 
9*4 
12-2 
15-4 
19-2 
23-7 


6-7 
8-6 
12-6 
17-2 
22-4 
28*2 
34*0 



This chapter has so far been devoted to considerations of the 
tr£tctive effort at constant speed; but there are similar effects of 
increased train weight on the energy consumption, when we come to 
services with frequent stops, such, for instance, as would occur in 
city and suburban services. As an instance of tests to determine the 
energy consumption for frequently-stopping trains of various weights. 
Table XLIV. is given. The table relates to tests made by Arnold and 
Potter.t 

Tablb XLIV.— Abnold and Pottibb*b Bebui/tb of Tebtb fob thb Eioibgy 

GONBUMFTION OF TbAINB OF YaBIOUB WsiaHTB UNDEB SeBYICB GoNDITIONB 

(One Mile Bun). 



Make-np of train : 
M = motor-coach. 
T ^ trailer-ooodi. 


Weight of train 
(tons). 


Weight of 

trailer-load 

(tons). 


Maximnm 

speed daring 

the run 

(ml ph). 


Average speed 

dnring the ran 

(ml ph> 


Energy ooo- 
samption (firom 

watt-meter) 

(w hr per Um- 

mUe). 


2Monly 
2M + 1T 
2M + 2T 
2M + 8T 
2M + 4T 
2M + 5T 
2M + 6T 


64-5 
85-0 
106-6 
133-5 
158-0 
181-0 
206*0 


20-5 
420 
690 
93*5 
116-5 
141*5 


46-7 
44-7 
42-8 
41*0 
39-1 
37*9 
36-4 


34-6 
33*1 
82-0 
30-6 
29-8 
28-6 
27*2 


143*0 

127 

111-0 

104-0 

96-5 

91-1 

88-8 



I 



* " Transactions of the American Institute of Eleotrioal Engineers," vol. zziL p. 91. 
t Ibid. vol. xix. p. 836. 
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The trainB consisted first of two motor-coaclies, and then suocessive 
additiona of 1, 2, 3, 4, 6 and 6 trailer-coaches, each motor-coach weigh- 
ii^ about 32 tons against an average trailer-coach weight of 23 tons. 

Some interesting carves of train friction for varying weights of 
ti»in have been plotted in Fig. 65. They are based on ABpinall's 
formula," in accordance with which the train friction per ton of 

weight of train is equal to a 4- r - ^ - ; ^ , where a, 6 and c are constants. 
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FiQ. 66. — Carves Bhovring ths Traotdye Bealatacoe for Trains of Vorioug Weights. 

y is the speed of the train in ml ph, and L the length of the train in 
feet. By assuming a representative weight per foot of over-all 
length of train, the curves of Fig. 65 have been deduced for trains 
of a total weight of 50, 100, 200, 400 and 800 tons.t 

Influence of Curves on FrJctlonal Resistance 

Curvature of the tiaok adds very considerably to the tractive 
effort necessary for train propulsion, and the additional effort 

• <'FioceediiigB,IiisUtnUonof C{TUllD{^een!,"voLozlTii.p.341. 
t The TUuUon of the tr^n friction, and also the variation of the energy con- 
"ition, with tndna of difletent weights, have beeninveatlgatad veryfnlljatpp. 14- 
" Blectrie R^Iwbt '^aAaettAns'' fParshall and Hobartl. 



stmtpt 



Eleotrlo B^way Engineering'' (^nhall and Hobart). 
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required depends largely upon the degree of curvature^ and also on the 
rigidity and gauge of the track, and on the wheel base of the coach. 

The method by which track-curvature can be evaluated involves 
the angle which a given length subtends at the centre of the curva- 
ture. One way of expressing this curvature is by the degrees sub- 
tended by a chord 100 feet in length. The extra tractive effort 
required is taken as proportional to this figure. From numerous 
experiments to determine the train-friction on curves, an average of 
0*32 kg per ton per degree has been found to agree closely with the 
various experimental results. This is the additional effort required 
on the track, quite apart from friction at the axles, ordinary friction 
between rail and wheel, and air friction. The most important 
formulae which have been put forward are those of Blondel-Dubois 
and Dupuy. The former gives the additional tractive effort as — 

574, 

-^ kg per ton 

where E = Eadius of curve in meters. The latter authority gives — 

370 , 
^^— -jQ kg per ton. 

Both these formulae apply to the standard gauge of track. 

Values for the additional tractive effort required on curves have 
been worked out by these three methods, and the results are set 
forth in Table XLV. It will be seen that they are in close agree- 
ment over the whole range of radii. The tractive resistance on any 
curve can then be computed from the values for straight track by 
adding the amount corresponding to the curve under consideration, 
as obtained from Table XLV. — 



Table XLV.— Additional Tbaotiyb Eitpoet 


BBQUIBBD ON OUBYES. 


Radius of curve. 


Additional tractive effort required (kg per ton). 


Meters. 


Feet. 


Chains. 


Estimated from 
the value of 

0*32 kg per ton 
per degree. 

1910 


Estimated from 
the formula of 
Blondel-Dubois. 


Estimated fh>m 

the formula 

of Dupuy. 


30 


99 


1-5 


19-20 


18*50 


40 


132 


20 


14-10 


14-30 


1230 


50 


166 


2-5 


10-90 


11-60 


9-26 


60 


198 


30 


9-10 


9-57 


7-40 


80 


264 


4-0 


7-05 


7-19 


5-29 


100 


330 


5-0 


6-45 


6-76 


4-11 


120 


396 


60 


4-66 


479 


3-36 


160 


528 


8-0 


3-45 


3-69 


2-46 


200 


660 


100 


2-77 


2-87 


1-95 


300 


990 


150 


1-81 


1-92 


1-27 


400 


1320 


20-0 


1-41 


1-43 


0-95 


600 


1980 


300 


0-91 


0-96 


0-68 


1000 


3300 


500 


0-66 


0-68 


0-37 
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Examples. 

1. A 135' ton train maintains a schedule speed of 22 ml ph, making a 20-8econd 
stop every 0*9 ml. It consists of two motor-coaches and one trailer. Each motor- 
coach weighs 50 tons, and the traQer weighs 35 tons. Each of the four axles of each 
motor-coach carries a geared motor. On a straight and level, well-huilt track what 
would be your estimate of the average frictional resistance of this train when operating 
to the above schedule? 

2. Allowing 12 per cent, for rotational momentum, and takmg the over-all effi- 
ciency of the electrical equipment as 70 per cent, when operating to the above 
schedule, work out the energy consumption in w hr per ton-mile. 

3. If, in the above case, 40 per cent, of the distance consists of curves of 150 
meters radius, the remaining 60 per cent, being straight, estimate the energy con- 
sumption on the basis of the same over-all efficiency of the electrical equipment. 

4. If, of the 135 tons total weight of train 40 tons represents the aggregate weight 
of the single-phase electrical equipment (which has a rated canacity of 920 hp), 
then, if 920-hp of continuous equipment weighing only 19 kg per np, and comprising 
only 4 motors (instead of 8), were substituted, calculate the reduction in the input to 
the train, taking the rotational momentum at only 8 per cent, of the translational 
momentum, and again taking the over-all efficiency of the electrical equipment at 
70 per cent. 

5. The train, equipped with continuous apparatus as indicated in question 4, 
would weigh 117 tons, and only 4 axles (instead of 8) would carry gears. Taking 
into account the reduced input, there would no longer be occasion to instal as much 
as 920-hp aggregate rated capacity of motors and equipment. To what rated 
capacity should this be reducea in order that the average load on each motor, taken 
over the entire run, should constitute the same percentage of the rated load, as in 
the case of question 2 ? Make a new estimate of the total train weight to accord 
with this new estimate for the aggregate capacity of the electrical equipment, which 
may be again taken at 19 kg per rated hp. 



CHAPTER X 

THE. PBEDETERMINATION OF THE POWER CURVE FOR A 

GIVEN JOURNEY 

The principles enunciated in the preceding chapters afford guidance 
in selecting suitable electrical equipment as regards rated hp and 
other general features. But as the work on a proposition advances 
there arrives a stage at which it becomes important to investigate, 
with considerable care, the application of some particular motor and 
equipment to the particular case in hand. 

Let us take a case where it is required to operate 150-ton trains, 
consisting of two motor-coaches and four intermediate trailers, to a 
schedule speed of 25 ml ph, with 1 stop per mile. From Fig. 45 we 
find that the energy consumption will be 97 w hr per ton-mile. This 
works out at — 

97 X 25 = 2420 watts per ton. 

The average input to the train will be — 

2-42 X 150 = 363 kw. 

From Table XXV. we obtain 70 per cent, as a rough value for 
the over-all eflSciency of the electrical equipment. The average out- 
put from the motors is thus — 

363 X 0-70 Q .^ . 
0746 = ^*^ ^P- 

Let the service for which we shall employ these trains be absolutely 
continuous for 18 hours per day — or, at any rate, let it be required 
that the train and equipment shall be adequately designed for such a 
performance. It will then be necessary that the electrical equip- 
ment shall have a rated capacity (on the 1-hour, 75"* 0. basis) of — 

4 X 340 = 1360 hp, 

since the average output for such a service is about 25 per cent, of 
the rated output (see p. 75). 

132 
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Let this aggregate capacity be made up of 8 motors, 4 on each 
motor-coach. The rated capacity of each motor will thus be — 

1360 , ^^ . 
— g- = 170 hp. 

For a schedule speed of 25 ml ph, with one 20-second stop 
per mile, we see, from Fig. 44, that the maximum speed must be 
41-0 ml ph, or — 

41-0 X 1609 ^^.^ ^ . ^ 
WK = 1100 meters per mmute. 

Let the car wheels be of 1000 mm diameter. The speed of the 
car wheel is, at the maximum train speed of 41 ml ph — 

1100 

The question of the relative speed of motor armature and car axle 
is one of considerable importance. In general^ the lower the speed 
of the motor, the better will be its performance, but, on the other 
hand, the lower its speed the greater is its weight With the advent 
of interpoles it has become legitimate to employ higher motor 
speeds, nevertheless, the weights of equipments employing series- 
wound, continuous-electricity motors are not great, and it is expedient 
to retain fairly low motor speeds. The higher the train speed, the 
lower, consequently, should be the gear ratio. For locomotives 
required for crest speeds of 65 ml ph, or more, a 1 : 1 ratio is usually 
employed. On the other hand, for motor-coaches for speeds of 14 to 
18 and 20 ml ph, with a stop every 0-5 to 0*8 of a mile, the gear ratio 
is usually taken in the neighbourhood of 3*0 to 3*5 in continuous 
equipments, while in single-phase equipments for such services, gear 
ratios as high as from 4 to 5 are taken, since otherwise the motors 
wduld be very heavy. As instances of the precise numbers of teeth 
on gears and pinions which are suitable in practice. Table XLYI. is 
of interest. 

Let us for our case take a gear ratio of 2*47, providing the 
motor with a pinion with 21 teeth and the car axle with a gear 
with 

2*47 X 21 = 52 teeth. 

Since the gear ratio is equal to 2*47, the speed of the armature when 
the train is running at its crest speed is— 

350 X 247 = 865 rpm. 

Let us proportion the equipment to provide a speed of 20 ml ph at 
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the end of 15 aecoDds from the start, maintaining during these first 
15 secondB an acceleration of — 



20_ 
15 ~ 



1-33 ml phps. 



Let the last section of the rheostat be out out at the end of the 15th 
second, i.e. when the train has acquired a speed of 20 ml ph, and 
let the balance of the acceleration up to 41 '0 ml ph be accomplished 
on the "motor characteristic." If the crest speed of 41-0 ml ph 
is to be reached at the end of the 80th second, as shown in the 
diagram in Fig. 66 (wMoh is substantially identical, although drawn 
to a different scale, with the diagram in Fi§. 44), then the design of 
the motor, as regards its satttration carve, must be such as shall, with a 
150-ton train equipped with eight such motors, provide the acceleration 
indicated in Fig. 66 for the time from the 15th to the 80th second. 



Table XLTI.— 


Data op Gbab Ratios 


or SsTSHAt. TSPIOAL MOTOBB. 






Tree or motor. 


Rit«d 
mo""' 






nUo. 


Hamberar 
leMb. 


1 




Pinion. 


ar*t. 


t 




1 1 - 1 





— 


(ndph> 






22 


43 


80 






(16 


691 
11/ 


17-5 






- 


- 


17-8 






19 


41 


31 






19 


68 


ao 






16 


60 


2* 




- 








___ 






19 
80 


70 


32 
84 






- 


- 


18-3 






- 


- 


16-7 












' 


19 


71 


22 



We have seen in Chapter VIII. that the tractive force required to 
impart an acceleration of I'O ml phps is 495 kg per ton. Consequently, 
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our 150-ton train will, during the first 15 seconds,' require a tractive 
force of — 

1-33 X 49-5 = 65-9 kg per ton 

for acceleration, and a further 6*0 kg per ton to overcome train-friction. 
Thus, the total tractive force will be — 

65-9 + 6-0 = 71-9 kg per ton. 
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Fig. 66. — Speed-time Diagram for Bmi of one mile at a Schedule Speed of 

25 ml ph. 



The tractive force to be provided by each of the 8 motors is — 

71-9 X 150 



At 20 ml ph, i.«. i 
will be — 



8 

2 X 1609 
3600 



== 1350 kg. 



= j8'9 m ps, the output per motor 



or 



1350 X 8*9 X 9-81 = 118,000 watts 

118,000 

-746- = 158 hp. 



At this point, when the speed is 20 ml ph, the last resistance section 
has been cut out and the motor is directly across the 600-volt line. 
The efficiency of a series-wound, continuous-electricity motor of this 
rating is, including gearing, usually between 85 and 88 per cent, at 
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all loads between half-rated load and 50 per cent, overload. But 
taken over the period while electricity is on, the efficiency will be 
more of the order of 80 per cent. Taking the efficiency as 80 per 
cent, the input is — 

118,000 ..Qr,r,n ., 
Q.gQ = 148,000 watts, 

and the current to the motor is — 

148,000 



600 



= 246 amperes. 



This is approximately the value of the current for the first 15 seconds, 
although it will have fluctuated by equal amounts, above and below 
this value, in passing from notch to notch, i.e. in the process of 
cutting out, step by step, the resistance in series with the motor. 
We see from Fig. 66 that in the interval from the 15th to the 20th 
second it is desired that the speed shall increase from 20 to 24*5 ml ph, 

/4'5 \ 
the mean acceleration thus being ( ^ = I0'90 ml phps. 

The average tractive force per ton will consequently be only — 

0-90 X 49-5 + 6-0 = 44-5 + 6*0 = 50*5 kg. 
The average speed during this 5-second interval will be — 

200 + 24-5 ooQ 1 V. 
^ = 22*3 ml ph, 

22-3 X 1609 ^ o 

or ^^^r. = 9*9 m ps. 

3600 ^ 

The average output per motor is equal to — 

^^'^ ^ ^^^ X 9-9 X 9-81 = 91,800 watts. 

o 

The average current input per motor is equal to — 

91,800 



0-80 X 600 



= 191 amperes. 



Making similar calculations for the average current input for each 
successive 5 seconds, the results set forth in column H of Table XLVII. 
are obtained, and these values are plotted in Fig. 67, which accordingly 
gives the current flowing to each motor from the first instant of 
starting up to the end of the 80th second, i.e. up to the moment 
when the supply of electricity is cut off. 
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Out <^ tho first 15 seconds, however, the motors were, for the 
first *T'5 seconds, arranged in four groups, each consistii^ of two 
motors in series, as shown in Fig. 68. 

Daring the succeeding 7*5 seconds they were arrai^ed in eight 
parallel branches, as shown in ¥ig. 69, 

This is termed " series-parallel control," and serves to improve 
the efficiency during starting, since the rheostatic loss during the 



7/mo m Seconda 
Fig, 67. — Cnrrent Input to each Motor tor Uie Run indicated in Fig. 66, 

first 7*5 seconds would be much greater were the entire eight motors 
aU in parallel from the start. 

The average current to each motor being approximately constant 
during the first 15 seconds, it follows that the total current supplied 
to the train while the motors are in series must be half that sopplied 
when the motors are in parallel. "We can therefore set down the 
average current input to the train at (246 X 8 = )1968 amperes 
while the motors are in parallel, and 984 amperes while they are in 
series. 

When the motors are running on the motor curve, connected 
right across the 600-volt line without rheostats in circuit, the current 
input to the train is, of course, eight times that to each motor. The 
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Ktriah/e /fes/aCjirtce a^ out 
at "ZSsec/rom 3t»r<6 Mrhta 
Conneeiiona sre ^uw^gecl& 



Fig. 68. — Bepresentation of Series Arrangement of theiS Motors on the Train. 





yir/jtb/e /fest'sUnce cub 
cud M ^SCC^rom StM^ 



Fig. 69.— Bepresentation of Parallel Arrangement of the 8 Motors on the Train. 
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Tone tn Seeortda 
TiCi. TO.— Oonant Input to the Entire Train foe the Bon Indicated in Fig. 6 



Tune m •3ffcone/s 
Fis. 71.— EilowMlB Input to Train for the Ban Indicated in Fig. € 
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values are given in F^. 70, plotted from column J, Table XLTII. 
The input to the train at any instant can be obtained by multiply- 
itig the corresponding valaes of the current by 600, the pressure 
in volte, or by estimating from the output of each motor at the 
assumed efficiency. Since the our- ^■^.__^^_^_____ 
rent input to the train during the I ^^^ 

"series" period was one half that I tS'(^ 

for the " parallel " period, the power | rU/it hbsi9 |j, \^ 
input to the train will vary in a 
similar manner, and we obtain the 
curve of total input to the train as 
plotted in Kg. 71. 

By int^rating this curve we 
obtain S0,000 kw seconds, which 
reduces to 93 w hr per ton-mile. 
This is 4 per cent, less than the 
97 w hr obtained from Fig. 45, for 
the same schedule, and the dis- 
crepancy is due to taking the value 
of 80 per cent, as the efficiency 
throughout, whereas had this figure 

been taken at \^ x 80 = J76-7 — or 

say 77 — per cent., the two values 
for the energy consumption would 
have agreed; 77 per cent, is con- 
sequenUy the average efficiency of 
the motor taken over the entire 80 
seconds from the start up to cut off. 

Thus the total loss in the motors 
must be (100 - 77 = )23 per cent, 
of the total input. This leaves 
(30 - 23 = )7 per cent, for rheostatic 

loss, since the over-all efficiency of **, ^ , -n^, 

the electrical equipment has been frMe J/fCa r^insendg /Oa/> 
assumed as 70 per cent. These Pia, 72.— Showing AUocation of the 
different losses are shown in Fie. 72 Energy input of the Run Indi- 
Mp^centages of the tow input. alS./Si.l'L SiS»^ 

Keturmng to Fig. 67, the curved of 70 per cant. 
portion gives us data for calculating 

the " speed-carve " of the motor which we require. This portion 
is reproduced in Fig. 73, in which is also drawn a ciirve of the train 
speed in ml ph taken from Fig. 66. 

From the curves in the above figure we may construct the curve 
in Fig. 74, with speed in ml ph as ordinates and current in amperes 
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20 40 

Time m Seconds 

FiQ. 78.— Current and Speed-Curves, re-plotted from Figs. 66 and 67. 
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Fio. 74.— Oharaoteriatio (ml ph) Speed-Ourre of the Train obtidned front Hg. 73. 
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as abscissae. This is done by taking pairs of readings on both curves 
for various times. With the data that the car wheel diameter is 
1000 mm, and that the ratio of gearing is 2*47, we can now plot 
another curve as in F^. 75, with the speed of the motor in rpm as 
ordinates and with the current in amperes as abscissae. 
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CurrtnC per fihtor /n /Inperes . 
Fig. 75. — ^Gharaoteristio (rpm) Speed-Curve of the Motors* 

The values for these conversions are set forth in Table XLVIII., 
together with the calculations for obtaining the successive curves. 



Tablb XLVIII. — Debiyation of thb Motob Sfbed-Gubyb. 



time 
(8eooadB> 


Cmrent inpnt 

to motor 

(amperes). 


CorTeepaiidiiig 

speed 

(ml ph). 


Speed 
(meters pmin). 


Circomferenoe 
ofdrlYing 

wheel 
(meters). 


Speed of 
wheel 
(rpm). 


Speed of 

armstnre 

(ipm). 


15 
18 
20 
25 
30 
40 
50 
60 
70 
80 


246 

182 

166 

142 

128 

112 

104 
98*0 
96-5 
960 


200 
23-2 
24*3 
270 
29-2 
32-7 
35-7 
37-8 
39*5 
4T0 


536 

622 

662 

726 

784 

877 

957 

1014 

1060 

1100 


\ 

314 

/ 


171 
198 
208 
230 
250 
280 
304 
323 
338 
350 


422 
489 
514 
668 
618 
692 
750 
798 
835 
865 
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Having obtained the speed-curve required, we can specify a motor 
of the rated hp required, i.e. 170 (see p. 133), and with a speed-curve 
approximating to that of Fig. 75. Such a motor is suited to the 
conditions of the run indicated in Fig. 66. 

To determine the form of the " motor characteristic " in a speed-time 
diagram when the speed-curve (as Fig. 75) for the motors employed 
is given, the process above described is reversed. For a particular 
speed the current in amperes is obtained from the curve, hence at 
600 volts the input in watts is known, and the watts output is then 
derived on multiplying by the known efficiency of the motor for the 
load in question. The output in kg m ps is next obtained by multi- 
plying by 9*81 (since 9*81 w equal 1 kg m ps). Then, dividing the 
figure for kg m ps by the corresponding speed in m ps, the total 
available effort in kg is determined, and from this the kg per ton of 
train. Then, subtracting 6 kg per ton for the friction component, 
the accelerating force and acceleration are found, corresponding to 
the speed taken. 

By assuming a time interval of 5 seconds, the change in speed 
produced by this acceleration is deduced, giving two points on the 
speed-time diagram. With the second speed obtained, the amperes 
are again looked up from the curve and the operations repeated. 

The calculation is best done tabularly, similarly to Table XL VII., 
and the complete speed-time " motor curve " can then be drawn. 



CHAPTER XI 

THE HEYSHAM, MORECAMBE AND LANCASTER ELECTRIFIED 

SECTION OF THE MIDLAND RAILWAY. 

The pressure limitations of electrical equipment with continuous 
motors have led to endeavours to apply alternating motors to train 
propulsion. Both polyphase and single-phase motors have been 
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Fig. 76. — Plan of Electrified Section of Midland Railway at Heysham. 



successfully employed on railways. In England motors of the 
single-phase type are the only alternating motors which have as 
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yet been used. Since, so far as regards 

energy consiunption at the train per 

ton-nule, single-phase eqnipments are 

about on a par vith oontinaoas eqitip- 

ments there has been no occasion 

. to discuss systems in the preoeding 

a chapters, since tiiese have deut mainly 

^ with eneigy consomption. Fuither- 

tu more, the wealth of available data 

-g relating to midertakings employing con- 

^ tinuous equipmeuta has made it con- 

J veuient to base descriptions on the 

(3 continuous system. There ate, however, 

■a very important distinctions between the 

J oharacteristics of trains, according as 

g they am equipped with continuous or 

% single-phase apparatus, and it is desir- 

g able at this point in the treatise to 

^ introduce data relating to single-phase 

h trains. 

f'° The first single-phase trains operated 

^ in England are those employed on the 
^ Heyelmm, Morecambe and Lancaster 
^ section of the Midland Eailway, where 

° a trolley pressure of 6600 volts is used 

t at a periodicity of 26 cycles. A plan 
d of the electrified system is given in 
I Fig. 76. In Fig, 77 the roote is de- 
^ vdoped along a straight line, below 

g which are indicated the gradients and 
% curves. To obtain a broad grasp of the 
a plan, we may consider a train operating 
"5 between Heysham and Lancaster, and 

I making an intermediate stop at More- 

tcambe. Thus we have a route of 8-1 
miles with one intermediate stop. Since 
[, Morecambe, the intermediate station, is 
E: 4*7 miles from Heysham and 3'4 miles 
S from Lancaster, tiie average distance 
^ between stops is 4'05 miles. For our 
purposes we may round this off to 4*00 
miles. A good many curves relating 
to the performance of trains operated 
over this route have been published, 
but unfortunately there are serious 



HEYSHAM AND MORECAMBE ELECTRIFICATION 147 

evidences of inaccuracy in them. Thus, in a paper by Dalziel 
and Sayers, read on November 9, 1909, before the Institution 
of Civil Engineers (vol. olxxix. pt. I., p, 47), there are published 
four speed-time diagrams relating to runs between Morecambe and 
Heysham. I have integrated these four speed-time diagrams, and 
the distance works out in the four cases at 4*77 miles, 3*84 miles, 
4*69 miles and 4*16 miles. The mean of these four results is 4*3 
miles, the individual results being respectively 11 per cent., 12 
per cent, 7 per cent., and 5 per cent, different from the mean. The 
largest result is no less than 26 per cent, greater than the smallest 
result. Similarly, two of the curves relating to runs between More- 
cambe and Lancaster lead to utterly different results as regards me 
distance between these two stations. Notwithstanding these dis- 
concerting evidences of inaccuracy, it may, nevertheless, be of interest 
to examine the rough results obtained as regards the energy consump- 
tion of a train weighing 805 tons and operated over this route. The 
data is given in Table XLIX. — 



Table XLIX. — Enebgy Consumption of Trains on the Heybham Section 

OF the Midland Bailway. 



Section. 


Distance (miles). 


Time (seconds). 


Train consump- 
tion (w hr). 


Average speed 
(ml ph). 


Heysham to Morecambe 
Morecambe to Lancaster 
Lancaster to Morecambe 
Morecambe to Heysham 


4-7 
3-4 
3-4 
4-7 


500 
368 
417 
451 


13,050 
11,800 
11,900 
16,060 


33-8 
33-2 
29-4 
37-5 


Total 


16*2 


1736 
= 28-9 min 


52,800 


33-6 



Of course, in practice the train conforms to a time-table adapted 
to the conditions of the traflSc, which involves the times of arrival 
and departure of steam boats and steam trains. It is only for purposes 
of a rough but instructive examination of the undertaking that these 
four test runs have been so brought together, as in Table XLIX., as 
to constitute a complete round trip. If this round trip were main- 
tained, and if at each station a 30-second stop were made, then the 
time, including stops, would be — 

1736 + 4 X 30 = 1856 seconds 
(or 28-9 +4x0-5 = 30-9 minutes). 
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The schedule speed would then be 

1736 



1856 



X 33-6 = 31-4 ml ph. 



Per round trip of 16*2 miles there are accomplished 16*2 train-miles, 
and — 

16-2 X 80-5 = 1300 ton-miles. 

Consequently, the energy consumption at the train works out at — 

52,800 



1300 



= 40'5 w hr per ton-mile. 



Turning to Fig. 45, on p. 80, we find that for a schedule speed of 31*4 
ml ph, with a stop every 400 miles, the energy consumption is given 
as about 38 w hr per ton-mile. The agreement is thus within 7 per 
cent., and it may be said that consistent values are gradually emerging 
from the sporadic tests being made in various parts of the world, and 
corresponding to various services. It is hardly justifiable to attempt 
to explain so small a divergence as 7 per cent., as it constitutes agree- 
ment rather than disagreement. It can, however, be partly accounted 
for by the frequency of sharp curves on the route, and the necessity 
of slowing down at some of them. 

The electrical equipment comprised two 180-hp motors and the 
requisite auxiliary apparatus. Thus we have — 



Bated capacity of equipment . 
Consumption per ton-mile (a) 
Weight of train . • (&) 
Consumption per train-mile (c = a x b) 
Schedule speed . » (d) 
Average input . . (e = c x d) 



360 hp 
40*5 w hr 
80-5 tons 
3260 w hr 
31-4 ml ph 
102,000 watts 



From tests given later in this chapter (see p. 154) an appropriate 
value for the eflSciency of the equipment under these conditions of 
service is seen to be some 72 per cent. 

.-. Average output (/ = e x 0*72) . . . 73,500 watts 

„ (/-r746) . . . . 98hp 
„ per motor . . . . 49 hp 
„ in terms of rated output of motor 27*2 per cent. 

As a matter of fact, the actual service is much less severe than 
this. Thus, it was specified that the motors should run an 80'5-ton 
train (one motor-coach and two trailers) for six complete double 
trips, allotting 20 minutes to the round trip between Morecambe 
and Heysham, and 15 minutes to the round trip between Morecambe 
and Lancaster. It would thus appear that 35 minutes would be 



» 
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allotted to a complete round trip between Heysham and Lancaster, 
intermediate stops being made at Morecambe. But in the above 
analysis only 30*9 minutes were allotted to this round trip. 
Assuming that the additional 4*1 minutes is devoted to stops at 
stations, then the energy consumption remains at the figure already 
worked out, but the schedule speed falls to — 

^ X 31-4 = 27-7 ml ph 

as an average for the (35 x 6 =)210 minutes (3*5 hours) occupied 
in running the six complete double trips specified. Thus, the average 

-^ X 27'2 =a 124 per cent, of rated load, and practically 

conforms with the established practice on London's underground 
tube railways. Nevertheless, the motors are cooled by forced draught, 
the provision of which requires an average consumption of 750 watts 
per train, or 0*75 of one per cent, of the average input to the train. 
Moreover, the motors alone (including gear and gear case) weigh 3-12 
tons each, or 17'3 kg per rated hp, whereas the C.L.B. motors 
(described in Chapter VI.) only weigh 1'96 tons each, or 15*9 kg per 
rated hp. On the G.N.P. and B. railway the G.E.69B motors employed 
(see Chapter VII.) have a 1-hour, 75° C. rating of 240 hp and weigh 
2'80 tons each, or 11*7 kg per rated hp. No forced draught is employed 
with these continuous equipments. Taking the complete equipmelit 
in the three cases the weights are — 

Weight of complete 
electrical egnipmeDt 
Railway. per Iboar, 76° C. rated hp. 

Central London 20*0 kg 

Great Northern Piccadilly and Brompton .... 15*4 kg 
Heysham, Morecambe and Lancaster (Siemens* equipments) . 40*7 kg 

It will be found characteristic of single-phase railway equipments 
that their weight per hp is of the order of twice that of continuous 
equipments. The G.E.69B motor of the G.N.P. and B. railway is 
sold as of only 200-hp rating, being very conservatively rated, but 
even if taken on this basis, instead of on the 1-hour, 75° C. basis, the 

weight of total electrical equipment is only ( p^Tj X 15'4 = jl8'5 kg 

per hp, as against 40*7 kg per hp for the Siemens single-phase 
equipments employed at Heysham. On the other hand, although the 
Siemens motors were sold as of 180-hp rated capacity, it is stated to 
have since been demonstrated that they rate at this output, having 
only 75° C. rise at the end of one hour, without resorting to forced 
ventilation, and that with forced ventilation they rate at 210 hp. 
Thus, comparing the forced- ventilated Siemens motors as of 210 hp, 
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with the G.R69B motors, without forced ventilation, as of 200 hp, 
then the respective values are as follows — 



Type. 


Rating. 


Weight of complete 
equipment per hp (kg). 


Siemens (forced ventUation) . 
G.E.69B (natural ventilation) . 


210 
200 


360 
18-5 



On this basis the single-phase equipment weighs— 

(lH " 1*89)89 per cent. 

more than the continuous equipment. It should also be pointed 
out that whereas at their rated load the G.E.69B motors have a speed 
of only 530 rpm, the speed of these Heysham motors at their rated 
load is 770 rpm, i.e, 45 per cent, greater, and, nevertheless, their 
weight per rated hp is much greater. 

With this preliminary sketch of the nature and purpose of the 
system, the reader will be in a position to read with some interest a 
descriptive account of the apparatus and of the trains on which it is 
installed 

The rolling stock consists of three trains, each consisting of three 
coaches. There are three motor-coaches, two with equipments by 
Messrs. Siemens Brothers, and one equipped by the British Westing- 
house Company. The remainder of the rolling stock consists of 
trailer-coaches. Each end of each of the motor-coaches and trailer- 
coaches is provided with control apparatus. This provision is made 
in order that the length of the trains may be varied to suit the traffic, 
which varies from season to season. The coaches are repeatedly 
reversed at the triangular junction at Morecambe. 

A specification of both the Siemens and Westinghouse motor- 
coaches, the trailer-coaches, and of a typical 3-coach train, are given 
in Table L. 

Table L.— Specification of Electbio Tbains on Midland Railway (Heybhait, 

MOBECAMBE AND LaNOASTEB BbANGH). 

A. — Motor-Coach. B. — ^Trailer-Coach. C. — Complete Train. 

A.— MOTOB-COAGH. 

General — Siemens. Weetinghonae. 

Total length over end panels 60 ft 60 ft 

Length of passenger compartment .... 62 ft — 

Composed of three divisions, the centre one 26 ft in length, transverse seats, and 
two divisions 18 ft 6 ins with longitudinal seats. 

Height, over-aU, above rail level . 12 ft 9 ins 12 ft 9 ins 

Width, over-aU, outside 9 ft 9 ft 

Seating capacity 72 72 
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SlemenB. Wefltlngboiue. 

Weight of coach withont passengers 40*5 tons 37*5 tons 

„ of coach body, hidnding nnder-frame, air 

compressors, seats, upholstering, and all fittings . 15*1 14*9 

Seats per foot length of coach .1*2 1*2 

„ ton weight of coach 1*78 1*92 

Weight per seat 0*56 tons 0*52 tons 

Trucks and Bogies — 

Weight of motor bogie withont motor . 6*5 tons 6*5 tons 

Wheel base of motor track 8 ft 6 ins 8 ft 6 ins 

„ of trailing truck 8 ft 8 ft 

Axle diameter, mid frame (motor bogie) ... 6| ins — 

„ „ at bearing 4] ins — 

I Length of bearing 9 ins — 

I Diameter of driving wheels (new) . 3 ft 7} ins — 

Gauge of track 4ft81ins — 

ElectriccU Equipment — 

Bated hp 180 150 

Pressure in yolts 340 235 

Method of control: multiple unit, the Siemens coach having the "all-electric 
system," while the Westinghouse has the electro-pneumatic system. 

Gearratio 2*9 3*9 

Weight of one motor alone 2*8 2*5 

„ of motor and gear 3*12 2*78 

Motors per motor-coach 2 2 

Total weight of motors with gearing per motor-coach 6*25 tons 5*55 tons 

Weight of balance of electrical eqmpment (i^. con- 
trollers, transformer, rheostats, etc.) per motor- 
coach 8*65 6*8 

Total weight of electrical equipment per motor-coach 14*9 12*4 

Batio of total weight of electrical equipment to weight 

of motors and gearing 2*38 2*22 

Weight of motor in kg per hp (rated) . 15*5 16*8 

„ of motor and gear in kg per hp . 17*3 18*7 

„ of aU electrical equipment in kg per ton 

weight of motor-coach 368 330 

Batio of total weight of electrical equipment to 

weight of motor-coach 0*37 0*33 

B. — Tbahjbb-Goach. 



Length, over-all 

Height, over-all, above rail level 

Width, over-all, outside . 

Seating capacity 

Total weight of trailer-coach . 



0. — GOMPLETB 3-COACH TBAIN. 

Number of motor-ooaches 
„ of trailer-coaches 



Total length of train 
Weight of motor-coach component 
„ of trailer-coach component 
Total weight of train without passengers 
Seating capacity .... 
Number of motors per train 



43 ft 




13 ft 




9 ft 




54 




17*5 tons 


1 


1 


2 


2 


150 ft 


150 ft 


40*5 


37*5 


36 


36 


77 tons 


74 tons 


180 


180 


2 


2 
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Siemens. Westlnghonse. 

Total hp of train 360 800 

„ weight of motors and gearing. . . 6*25 tons 5*55 tons 

„ „ of eleotrioal equipment . . . 14*9 „ 12*4 „ 

Bated hp per ton of train 4*68 4*05 

„ per seat of train 2*00 1*67 

Total weight of motors and gearing in kg per ton of 

train 82*5 76*2 

Total weight of motors and gearing in kg per seat of 

train 85*2 31*2 

Total weight of electrical equipment in kg per ton of 

train 197 170 

Total weight of eleotrioal equipment in kg per seat 

of train . . 83*6 69*5 

Ratio of total weight of electrical equipment to total 

train weight 0*197 0*170 

The braking equipment is of the combined power (vacuum) and hand type. 

A photograph of a Siemens motor-coach complete is shown in Fig. 
78, and of the Westinghouse motor-coach in Fig. 79. A standard 
.3-coach train hauled by a Siemens motor-coach is shown in 
Fig. 80. 

The train specification issued by the engineers of the Midland 
Eailway Company, called for two motors per motor-coach, to be 
carried on one bogie. Thus each motor-coach comprises a motor 
bogie and a bogie without motors. The normal train was 
specified to consist of one motor-coach and two trailers, the motor- 
coach seating 72 passengers and the two trailers to each seat 54 
passengers, thus providing 180 seats per train of three coaches. 

It will be seen from Fig. 77 that the route embodies several sharp 
curves. The speed of the train is restricted to 15 ml ph at these 
curves, and in some instances to 10 ml ph. The contractors were 
called upon to supply trains capable, under these conditions, of 
maintaining a 20-minute service between Heysham and Morecambe 
with a single train, and a 15-minute service between Morecambe 
and Lancaster. It was required that the motor-coach should be of 
such capacity as to enable it on occasions to haul two additional 
standard Midland Eailway coaches, each weighing 26 tons, bringing 
up the total train weight to some 125 to 130 tons. This train was 
to be capable of climbing the gradient of 1 in 70 existing on the 
short, single-track branch line between Lancaster Green Ayre 
Station and Lancaster Castle Station. 

To meet these conditions, Messrs. Siemens Bros, equipped 
their two motor-coaches with two 180-hp motors per coach, 
and the Westinghouse Co. equipped their motor-coach with two 
150-hp motors. The specification required that the motors were 
to be capable of delivering, when tested on the stand with single- 
phase electricity and at the specified periodicity of 25 cycles per 
second, their declared output for one hour with a temperature 



Fio. 78.— Siemens Motor-Coach Complete. 
(Keyiham BraiKh ofihe .Vidland Raiticag.) 



—View of Train consisting of Siemens Motor-Coach and Two Trailers. 
(lUijahiim IhuMk i</thc Mtdia:id Jlaibtag.) 
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rise not exceeding 135° F. (57'2° C.) above the surrounding air. 
Thej were also required to have 'a temperature rise not exceeding 
90° F. (32*2° C.) after hauling ihe three^soach train for six double 
trips at the schedule mentioned above, from Heysham to Morecambe, 
Morecambe to Lancaster and return. Six such trips, however, only 
correspond to carrying 24 per cent, of the rated load of the motors for 
three and one-half hours. 

The 20-minute service between Heysham and Morecambe requires 
that the train shall perform the single journey in about 500 seconds 
from start to stop, the train making on an average 6 journeys either 



Fia. 81.— Speed-Time Dit^am tot 3-43-mllea Ann at an Averaga Speed of 33-3 tdI ph. 

way in each hour. The distance is about 4-7 miles, and thus the 
train performs its trip at an average speed of some 



Between Morecambe and Lancaster the time taken by a train per 
trip is about 400 seconds, there being 8 such trips in each hour. The 
average speed thus amounts to about — 

^ X 3-4 = 30-6 ml ph. 

For so long a run, the Bpeed>time diagram is less definite than 
that for the short runs which we have considered in previous 
chapters. Nevertheless, the speed-time diagram of Fig. 81 has been 
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drawn as a mean of Figs. 25 and 27 of Dalziel and Sayers' original 
paper, in order to form a basis for analysis, these figures representing 
runs between Morecambe and Lancaster and between Lancaster and 
Morecambe respectively. 

The estimation shown in Table LI. is based on the speed-time 
diagram of Fig. 81. 

Tablb LI. — ^Analysis of Tests oh the MidiiAhi) Trains. 

Distance from stftrt to stop 8*43 miles 

Time from start to stop 873 seconds 

Average speed start to stop 38*3 ml ph 

Assumed duration of stop for a hypothetical aoliedule .60 seconds 

Schedule speed 28*7 ml ph 

Crest speed 52*5 ml ph 

Momentum per ton at crest ^eed = 0*0278 x 1*09 x V* . . 88*5 w hr 

„ „ ton-mile 24*2,w hr 

Assumed tractive force per ton for train friction. (This is taken lower 
than for runs with frequent stops, as in accordance with experience, 
and man especiaUy hecause in this case only two out of 12 axles 

oanry gears) 4 kg 

Time electricity is on 152 seconds 

Mean speed during this time 82 ml ph 

Distance covered during this time ....... 1*85 nules 

Train friction per ton while electricity is on 8700 kg m 

„ inwhr 123*6 whr 

„ per ton-mile 6*9 whr 

Input per ton-mile allocated to momentum and friction . 81*1 w hr 

Total input per ton-mile 43*2 w hr 

Balance to be accounted for as loss in the electricity equipment . 12*1 w hr 

Efficiency of electrical equipment as thus estimated . . .72 per cent. 

The train weighed 80*5 tons, and comprised 3 coaches, of which 
one was a Siemens motor-coach weighing 40*5 tons. The remaining 
(80'5 — 40'5 =)40 tons was made up of two trailers and the load. 

The 40*5 tons weight of the Siemens motor-coach was made up 
as follows — 

Motors with gear, gear-case, and suspension-bar . 6*25 

Main transformer 2*725 

Auxiliary commutating transformer and preventive coil . 0*975 

Pumps and compressors 0*475 

Contactors and chambers 1*125 

Other sundries, including bows, blowers, controllers, 

cables, etc. ......... 3*35 

14*9 

Coach-body 13*25 

Special supports ........ 1*3 

Coach-bogie 4*5 

Motor-bogie 6*55 



40*6 



HEYSHAM AND MORECAMBE ELECTRIFICATION 155 

Let as now oontinue the tabular calculation of Table LI — 

Input per ton-mile 43-2 w hr 

„ train-mile ...... 3480 w hr 

A ■ * *_■ 3480 X 28-7 .„„, 

Aven^ input per tram = fnnn = ■ 100 kw, 

„ „ „ motor . . 50 kw 
„ output per motor = 36 kw = 48'2 hp 
„ in per cent of rated output of 180 hp , 26-8 per cent. 
„ output per motor during the time elec- 
tricity is on = ^^\'^2^^ ^ *^'^ = ■ - 137 hp 




Fia. 82— Carres relaUng to tha Energy lopnt foi the Bna indlMted in Fig, 81. 



iS6 
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In Fig. 82 are given the curves of pressure and current per motor 
during the 152 seconds that electricity is on, as also of the values of 
the kw input and the power-factor during the run. 

The characteristic curves of the motor, as obtained on factory 
testa, are shown in Fig. 88. 

In both the Siemens and Westinghouse motor-coaches the motors 
are provided with forced draught. For the Siemens motor-coach the 
suction dnct has been carried inside the coach under one of the seats, 
the whole of the air coming in this case from the inside of the coach. 
The Westinghouse motor-coach has a similar duct inside, but there 
is also provided a suction dnct with a filter taking air from outside 



the coach. The power required by the fan motor is 1'5 kw in the 
Westinghouse, and 0'75 kw in the Siemens coach. The testa of the 
Siemens motor at the makers' works, with forced draught and with 
300 volts at the terminals (the full pressure being 340 volts), is 
stated to have indicated that they were capable of sustaining 
210 hp for one hour without exceeding their guaranteed temperature- 
rise. It is also stated that the motors were capable of developing 
150 hp at full pressure and with a forced draught that requires about 
1*5 kw for the fan, without exceeding their guaranteed temperature 
rise. 

The weight of the Westinghouse motor-coach is 37*5 ton, this 
weight being made up as follows (weights are given in tons) : — 
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Motors with gear, gear-case, and suspension bar . . . 5*55 

Main transformer . . . . . 2*55 

Auxiliary commutating transformer and preventive coil . 0*47 

Pumps and compressors 0*80 

Contactors and chambers 0*49 

Other sundries, including bows, blowers, controllers, cables, 

etc 2-49 



12-35 



Coach-body 13'25 

Special supports . 0*85 

Coach-bogie 4*50 

Motor-bogie ......... 6*55 

2515 



Total 37-5 



The Heysham electrified section of the Midland Railway has been 
described in detail in a great many articles in technical journals and 
in papers read before various institutions. To these articles and 
papers the reader is referred for more complete details, not only of 
the electrical equipment of the coaches, but also of the overhead 
construction, power station, etc. For this purpose I have brought 
together the following references : — 

1. Electrical Engineering, for June 11 and 18, 1909. 

2. Electrician, for June 12 and 19, 1908. 

3. Railway Oazette, for June 12 and 19, 1908. 

4. Engineer, for June 12 and 19, 1908. 

5. Electrical Review, for June 12 and 19, 1908. 

6. Light Railway and Tramway Journal, for June 5, 1908. 

7. Journal Institution of Electrical Engineers, Paper on " Single- 

Phase Railways,'* by Percy C. Jones, vol. 43, p. 723. 

8. Proceedings of the Institution of Civil Engineers, vol. clxxix. 

pt. 1, p. 31. "The Single-Phase Electrification of the 
Heysham, Morecambe and Lancaster Branch of the Mid- 
land Kailway," J. Dalziel and J. Sayers. 



CHAPTER XII 

THE HEATING OF RAILWAY MOTORS 

A VERY useful comparison of railway motors may be based on a study 
of the watts dissipated in internal motor losses per ton weight of 
motor. This comparison may be made under the conditions of actual 
service and also under the conditions of the 1-hour, 75° C. rating. In 
carrying out such a comparison we must exclude the gear losses, and 
also the weight of the gear and gear case. It is reasonable that the 
results obtained should be quite varied, since they will to a con- 
siderable extent be dependent upon the design of the .motors and 
upon the conditions attending their use in actual service. Never- 
theless, a general knowledge of the order of magnitude of the 
" watts per ton " is of importance. 

Q.E.66A. Motor— Central London Railway 

Let us take, for example, the motor used on the Central London 
Eailway which was considered in Chapter VI. It is rated at 125 hp, 
and from its efficiency curve (curved of Fig. 52) the efficiency at 
this output, including gear loss, is seen to be 90 per cent. The 
efficiency, exclusive of gearing, is seen to be 93*5 per cent, (curve E of 
Pig. 52). Therefore the gearing loss is some 3*5 per cent. The input 
to the motor at rated load is — 

125 

-^ X 746 = 103,800 watts. 

Output from the armature axle to the gear — 

= 0-935 X 103,800 
= 97,000 watts. 
Internal losses = 103,800 - 97,000 

= 6800 watts. 

The weight of the motor without gear and gear case is 1*75 ton. The 
loss per ton, therefore, amounts to — 

^S - 3880 watts. 
1*75 
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Similarly, the internal losses in the motors may be estimated in other 
cases, and three examples are given in Table LII. — 

Table LII. — Valubs of Intebnal Losses in Motobs at Bated Load. 



Motor. 


Railway. 


*f Weight of motor 
S (tons). 


t 
1 




|i 

90-0 


Inpnt to motor 
(watts). 


to 
93-5 


Ontpnt from motor 
to gear (watts). 


Internal loss 
(watts). 


Internal loss (watts 
per ton of motor). 


G.B. 66A 


Central London 


125 


103,800 


97,000 


6,800 


3,880 


G.B. 69B 


Gt. Northern 
Piocadillyand 
Brompton 

Lancasnire and 


2-51 


( 200 
( 240 


880 
87-0 


169,500 
206,000 


92-0 
910 


156,000 
187,500 


13,500 
18,500 


5,390 
7,370 


Dick- 




(lhr75«») 














Kerr 


Yorkshire 


2-75 


150 


880 


127,000 


920 


117,000 


10,000 


3,640 



A representative figure for the watts loss per ton at rated output 
for continuous railway motors is 4500. 

The G.K69B motor of the G.N.P. and B. Railway is an instance 
of a case where this value is greatly exceeded. The motor is usually 
sold as a 200-hp motor, but on the 1-hour, 75° C. basis, it is rated at 
240 hp. It has openings in the frame protected by perforated covers, 
as shown in Fig, 84, whereas the C.L.R. and the L. and Y. motors 
are completely enclosed. 

In Chapter YI. a series of tests made on the Central London 
Railway were analysed, and we can use the results to study the 
average loss in the motors taken over the period of actual service. 
Certain of the results, as calculated in Chapter VL, Table XXIX., are 
re-stated below. 



Total number of coaches. 


7 


6 


6 


4 


3 


Average load per motor whUe electricity 
is on (hp) 


56-8 


49-5 


43*4 


35-6 


300 



Referring to the eflSciency curve of Pig. 52, we can read off the 
efficiencies, exclusive of gearinjg, corresponding to the above loads, 
from the curve E. 

These values are set forth in Table LIII. — 
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TA.BIJB Iiin.^0AIiCUI.ATION8 FOB O.L.R. MOTOB LOBBBB IN SkBVIGB. 



Average load per motor while eleotrioity 
is on (hp) 

Efficiencies, including gear, correspond- 
ing to above loads (from Fig. 62) 

Corresponding input to motor, including 
gear loss (watts) .... 

Estimated efficiency, excluding gear 
(from Fig. 52) 

Average outpui from the motor to the 
gear (watts) 

Average loss in motor while electricity 
is on (hp) 

Batio of time electricity is on to the 
total time of each run, including stop 
(see Chapter YI., p. 89) . 

Average loss per motor (watts) taken 
over the whole run of 110 seconds 

Average loss per motor taken over the 
whole runnmg period (watts per ton) . 



56-8 


49-5 


43*4 


35-6 


86-8 


85*5 


84*0 


820 


48,980 


48,100 


38,600 


32,400 


94 


94 


94 


93-5 


46,000 


40,510 


86,280 


80,300 


2,930 


2,590 


2,820 


2,100 



30-0 

79-6 
28,190 

93-3 
36,300 

1,890 



48 
— = 0-436 
110 




The value for the 6-coach train is 646 watts per ton. This is 
only 16*6 per cent, of the 3880 watts per ton, at rated load, as set 
forth in Table LII.* 

G.E.69B. Motor— Great Northern, Piccadilly, 

and Brompton Railway 

The tests on the Great Northern Piccadilly and Brompton line 
which were considered in Chapter VII. may also be analysed in a 
similar way. In Table LII. the values of 5390 watts per ton and 
7370 watts per ton are taken as the loss in the G.E.69B motor when 
rated at 200 hp and 240 hp respectively. 

From Table XXXIII. we have obtained values for the average hp 
output during two test runs. These values are — 



Test. 



Average hp output from each motor during the time 
electricity is supplied 




B 



lU 



* While the calculations given in this chapter have considerable interest from 
the standpoint of relative comparisons, the absolute giuanUtative results for the watts 
per ton under the conditions of service are considerably too low, since they are 
arrived at by employing the efficiencies for the average load when the motors have 
fuU line pressure at their terminals, whereas actuaUy the motors are for a part of the 
time in series and there is also resistance in circuit. Under these conditions the 
average efficiency of a motor is considerably lower, and its internal loss is conse- 
quently higher, often to the extent of 60 per cent, or more. 
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The efficien(»es at these loads can be obtained from the onrve of 
Fig. 57, and the motor losses may be estimated aa shown in Table 




Fia. 84.— O.E.69B Seriee-woimd Continnona Motor. 
One-hotu rating = 240 hp 

Weight (inoluding gearing) = 3-8 tons 
Spa^ at oae-hooi rating = SSO rpm 



LIV. The we^ht of the motor, exclusive of gear and gear case, is 
2-51 tons. 



1 62 
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Table UY. — GalouiiATiohs of G.N.P. and B. Bly. Motob Losses in Sbbvige. 



Tests. 



Average hp output per motor while in circuit . 
Efficiency of motor (including gear) at the above load, from 

Fig. 57 

Corresponding input to motor, including gear loss (watts) . 

Efficiency of motor, excluding gear 

Corresponding output from motor to gear (watts) 
Average internal loss in motor while electricity is on (watts) 
Time that electricity is on during each rim (seconds) 
Total time of running, including 12- second stop (seconds). 
Batio of the time that motors are in circuit to the whole 

running time ........ 

Average internal loss in watts per motor taken over the 

whole period 

Do. watts per ton of motor 



A 


B 


100 


114 


89 


89-5 


88,900 
98 


95,000 
93*5 


78,000 

5,900 

41 


88,900 

6,100 

44 


110-6 


104*4 


0-87 


0-42 


2,180 
870 


2,540 
1,010 



The mean value gives 940 watts per ton for the internal losses, 
which is only some 13 per cent, of the value at the 240-hp rating, 
and some 17*5 per cent, of the value at the 200-hp rating. 



Lancashire and Yorkshire Railway 

The data given for the Lancashire and Yorkshire Bailway afford 
two further tests, which are given in Table XXIV. The estimated 
average outputs from that Table are as below. 



Test. 


1 


2 


Average hp output per motor while in circuit during the 
test runs shown in Chapter V 


93 


79 



Let us use the same methods as in the previous cases for estimating 
the motor losses. The motor weighs 2*75 tons, not including 
gear. 

Fig. 43 gives a representative efficiency curve for a motor of 
150 hp, and similar to the motor employed on the Lancashire and 
Yorkshire Eailway. The curve is quite sufficient for obtaining 
approximately correct results for the motor in question. The calcu- 
lations are set forth in Table LV. 
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Tabijo LV. — GALGUI.AT10NS 07 L. & Y. MOTOB Losbes in Sebvioe. 



Test. 



Average output per motor while in circuit (hp) 
Efficiency from representative motor efficiency curve G in 

Fig. 43, including gear 

Corresponding input to motor including gear loss (watts) . 
Probable efficiency, excluding gear (from Fig. 43, curve K) 
Corresponding output from motor to gear (watts) 
Internal loss per motor taken over the time while electricity 

is on (watts) 

Ratio of time during which electricity is on to total time 

(Table XXIV.) 

Internal loss per motor averaged over the whole running 

time, including stops (watts) 

Internal loss per motor in watts per ton of motor 




79 

87-6 

67,400 

93 

62,680 

4,726 

0-519 

2,450 

890 



These results give an average of 845 watts per ton of motor 
which is 23*2 per cent, of the value for the rated load. 

Summarising the results we obtain the values given in Table LVI. — 

Tabod LVI. — Comparison of Motob Losses at Bated Load and dubino Sbbyicb. 



Type of 
motor. 



G.E.66A 
Q.E. 69B 



Dick- 
Kerr 



BftUway on which 
motor \a used. 



Central London 
Gt. Northern 

PicoadiUy and 

Brompton 
Lancashire and 

Yorkshire 



I 

a 






1-76 
2-51 

2-76 



{ 



11 



125 

200 
240 

(1-hr rating) 

ISO 



IP 



3880 

6890 
7370 



8640 



33 



I 
Man P* 

fill 



646 

940 
940 



890 



a 



16-7 

17-6 
12-7 



24-5 



® 8 fl Ih 



iS SoP «9 <S 



A4 g > o 



17-3 

21-5 
17-9 



27-3 



The losses of the G.E.66A and the Lancashire and Yorkshire motors 
at rated load are around the average figure of 4500 watts per ton, 
which is representative of the internal losses at rated load for 
railway motors with natural ventilation. The percentage which the 
continuous rating of railway motors bears to the 1 hour, 75^ rating 
may be anything from 20 to 40 per cent. ; and the figure for the 
totally enclosed type is usually 25 per cent, when it is estimated 
from the average load carried by the motors during service^ as per 
cent, of the 1-hour rating. 

The values for the G.E.69B motor depart from the other values, 
but this is due to the design which embodies openings in the case, as 
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already described. This gives a high weight efficiency (i.e. a high 
output in hp per ton of motor). The gear loss at rated load was 
taken as 4 per cent., and in this case is the same during service, 
since the curve of Fig. 57 is nearly straight between the values of 
100 and 240 hp. The value for the watts loss per ton during 
service agrees with the other values ; while the high figure for the 
internal loss at rated load necessarily gives a low percentage for the 
value which the loss during service constitutes of this 1-hour rated 
load loss. 

Single-phase Motors 

By the use of forced draught the heating of motors may be con- 
siderably reduced for a given weight of motor, or, what amounts to 
the same thing, a greater loss may be allowed for the same tempera- 
ture rise than with natural cooling. 

With single-phase motors, the efficiency being inherently lower 
than that of continuous motors, the use of forced draught is 
much more necessary to obtain motors of reasonable weight for a 
given output. 

Let us estimate the losses in the motors employed on the Heysham 
line in a similar way to the previous estimations for continuous 
motors. The output of the Siemens motors used on the Heysham 
motor-coaches is 180 hp with forced draught, and the efficiency at 
this output, including gear loss, is seen from Fig. 83 to be 83 per 
cent 

With this forced draught rating, the input to the motor is — 

ig X 746 = 161,700 watts, 

and the output from the motor axle to the gear is — 

0-87 X 161,700 = 140,600 watts, 

the efficiency of the motor, excluding gear, being approximately 87 
per cent, at rated load. 

(21 100 \ 

7540 watts per ton, since the motor weighs 2*8 tons. 

This value is considerably above the corresponding figure for 
motors without forced draught ; in fact, a representative value for the 
watts per ton with forced draught may be taken as some 7000 watts, 
as against 4500 watts with natural ventilation. These losses corre- 
spond to a temperature rise of 75® on the 1-hour basis. 

Taking now the Westinghouse motors of the Heysham equip- 
ments, they have an efficiency at rated load of 82 per cent. 
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including gear loss. Thus the input to the motor at the 150 hp 
forced-draught rating is — 

150 X 746 iQ»7Ann ^* 

^;g2 — = 137,000 watts. 

This motor has a gear loss of 5 per cent at rated load, therefore the 
output from the motor axle to the gear amounts to — 

0-87 X 137,000 = 119,000 watts. 

This leaves 18,000 watts lost in the motor, and as the motor weighs 
2'5 tons, the loss works out at — 

18,000 »-„^^ ^^ 
L^ = 7200 watts per ton. 

To compare these figures of 7540 and 7200 watts per ton with the 
corresponding values in continuous motors for the different railways 
dealt with in this chapter, we can bring together the following values 
in Table LVIL* :— 



TabiiB LVn. — G0MFABI8ON OF MoTOB Losses fob Singlb-fhasb and Con- 
tinuous MOTOBS. 



Type of electricity. 


Motor. 


Method of 
VentilaUon. 


Ontpnt of 
motor (hp). 






Single phase 


SiamenB- 

Sohuokert 
Westinghouse 


Forced draught 
)> ft 


180 
150 


2-80 
2-50 


7540 
7200 


OontiDUOUS electrioity 


G.E.66A 
G.E. 69B 

Dick-kerr 


Natural 


126 
200 
240 
160 


1-76 
2-51 
2-61 
2-76 


3880 
5390 
7370t 
8640 



These figures must all be taken as merely indicating that on the 
average there is a very considerable difference between the loss per 
ton for natural and forced draught motors. But the precise conditions 
in each case greatly affect the quantitative results and render strict 
comparisons very dif&cult. 

* The subject of the heatmg of raUway motors is also dealt with by Armstrong in 
a paper entitled " A Study of the Heating of Railway Motors/' and read before the 
American Institute of Electrical Engineers, vide ** Transactions," vol. xiz. p. 809. 

t The G.E.69B has openings in the case (see p. 169 and Fig. 84 on p. 161). 



CHAPTER XIII 

THE WEIGHTS AND C08T8 OF ELECTBICAL EQUIPMENTS 
AND OF ELECTRICALLY EQUIPPED TRAINS * 

The weight of an eloctric passenger train may be divided into four 
parts — 

I. The trucks, including truck frames^ wheels and axles, brake 
rigging, etc. 
II. Coach bodies with under-frames, brake cylinders, etc. 

III. Electrical equipment, including motors, rheostats, trans- 

formers, controllers^ collectors, compressor motors, cables, 
etc. 

IV. Passengers. 

Although for a given seating capacity, components I. and II. 
increase in weight slowly with increasing schedule speed and decreas- 
ing distance between stops, nevertheless representative weight and 
cost values may be readily assigned to these two items. 

Component III. increases rapidly in weight with increasing 
schedule speeds and with decreasing distance between stops. The 
weight of component III. is also very dependent upon the type of 
electrical equipment. Thus it will be quite different according as 
the continuous, the single-phase or the three-phase system is 
employed. 

The weight of the electrical equipment for a given schedule speed 
and a given number of stops per mile will also be dependent upon 
the continuity of the service. If, after maintaining its schedule for 
a given time, say one hour, a train remains at rest for half an hour 
before again resuming its schedule, these intervals of rest enable the 
electrical apparatus to cool, and consequently the total weight of the 
electrical equipment may be less than for the case of a train required 
to maintain uninterruptedly for, say, 15 hours per day, the same 

* The first portion of this chapter is on the lines of an article contributed by the 
author to the Bmhoay Gazette oz January 22, 1909. The calculations have, how- 
ever, been completely revised to accord with the more specific and extended data 
since obtained by the author. 

i66 
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sohedule speed with the same number of stops per mile.* In order to 
arrive at a uniform basis of comparison, let us, in this Chapter, con- 
fine our investigation to trains for the latter kind of service, namely, 
trains running uninterruptedly to their schedule for some 15 con- 
secutive hours per day. For such trains it has been found by experi- 
ence that the load on the motors, averaged over the entire run, must 
be of the order of only some 20 per cent, to 25 per cent, of their 
1-hour, 75° C. rated capacity. 

Component lY. of the total train weight is a very variable factor. 
WhUe the number of passengers is often, for a short distance, con- 
siderably in excess of the seating capacity of a train, the average of 
the number of passengers carried by an urban or suburban train 
throughout all its journeys is rarely more than 40 per cent, of the 
seating capacity of the train, and 30 per cent, or, at the most, 35 per 
cent, would be a much more representative figure. 

As wUl appear later in thiis chapter, a 180-seat train, equipped 
with continuous electricity apparatus, and designed for operation at a 
schedule speed of 26 ml ph with 1 stop per mile, weighs, without 
passengers, about 88 tons. If one-third of the seats, i.e. 60 seats, are 
occupied by passengers, and if the average weight per passenger is 
62 kg, then the aggregate weight of the passengers is — 

60 X 62 Q.^ , 
— -^^o. — = 3 7 tons. 
1000 

This brings the weight of the train up to 91*7 tons, an increase of 
4 per cent, over the dead weight. Of course, this percentage 
increase varies considerably with the design of the train as regards 
the arrangement of seats, but it will, for a given train, rarely average 
an increase of more than 5 per cent, or 6 per cent. If we take it at 
6 per cent, we shall be within a couple of per cent, of the truth for 
oases when the weight of the passengers for the average conditions of 
load lies between 4 per cent, and 8 per cent, of the weight of the 
train, and this will be the case for practically all trains for city and 
suburban services. 

In the following investigation the total train weight will be taken 
as equal to the de^ weight divided by 0*94, Le. midtiplied by 1'06. 
The total train weight is thus made up of the following four 
components : — 



* On London's tube railways a record of 60,000 mUes per annum for a single 
train is by no means abnormal. Since the speed is of the order of 16 ml ph, this 
works out at 8100 hours of service per year. But in main-line railways no such 
record is obtained. Thus, on the Heysham branch of the Midland Railway, although 
the trains run at a speed of some 80 ml ph the annual mUeage per train is only 28,500, 
which works out at only 950 hours out of the 8760 hours in the year. 
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I. The trucks. 
II. The coach bodies. 

III. The electrical equipment. 

IV. The passengers. 

Let us take the case of a well-built three-coach train, providing 
180 seats, with the usual proportion of first-class and third-class seats. 
Let this train be designed for operation at a schedule speed of 26 
ml ph with one stop per mile. If T is the time, in seconds, of a single 
run from start to stop, and if Q is the duration of each stop in seconds, 
then — 

T + Q = ^ = 138-3 seconds. 
26 

Let Q = 20 seconds. Then — 

T = 138-3 - 20 = 118-3 seconds. 

The average speed works out at — 

i||| X 26 = 30-4 ml ph. 

From Fig. 46 (page 81), we ascertain that such a train will 
require an electrical equipment providing 11 rated hp on the 1-hour, 
75** 0. basis of rating per ton of dead weight of train; but let 
us be conservative, and provide 12 hp per ton of dead weight of 
train. 

The following rough data of weights and costs will serve the pur- 
pose of this investigation : — 

Bogie trucks — 

Weight of each motor-truck, including truck 

frames, wheels, axles, and brake rigging . = 5*5 tons 

Weight of each trailing-truck . . . . = 4-0 tons 

Cost of trucks = £22 per ton 

Coach bodies — 

Weight of each motor-coach body, complete 

with under-frame, brake cylinders, etc. . =15 tons 

Weight of each trailer-coach body . =11 tons 

Cost of coach bodies complete , . . . = £80 per ton 

Electrical equipment — 

Weight of continuous-electricity equipment = 19 kg per rated hp 
„ of single-phase equipment . . = 40 kg per rated hp 
Cost of electrical equipment . . . = £125 per ton 

Let us work out the weight of, — first, a continuous-electricity train, 
and, secondly, a single-phase train. 
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I. Train with CoNTiNUOUS-ELBCTBioiry Equipment. 

I shall make the preliminary assumption that a suitable train for 
the required capacity and schedule will comprise two motor-coaches 
and a trailer interposed between them, and that only one of the bogies 
on each motor-coach will require to carry motors. 

Thus we have — 



2 motor-bogies at 5*5 tons . 
4 trailing-bogies at 40 tons 
2 motor- coach bodies at 15 tons . 
1 trailer-coach body at 11 tons . 

Weight, exclusive of electrical equipment 



= 11 tons 
= 16 
= 30 
= 11 



» 



>i 



>f 



= 68 tons 



Let us denote by W the weight of the electrical equipment in 
tons. An outside figure for modem railway equipments employing 
continuous motors, each of from 150 to 250-hp rated capacity, is 19 
kg per rated hp, and since we require 12 rated hp per ton of dead 
weight of train (= 68 + W) we have — 

W = 0-019 X 12 X (68 + W) = 20 tons 
A Dead weight of train = 68 -I- 20 = 88 tons 

Consequently — 

the rated capacity of electrical equipment = 88 X 12 = 1056 hp 

This may be provided by four 265-hp motors and the auxiliary 
apparatus. 

We may estimate the cost as follows : — £ 

Trucks (= 22 X 27) =590 

Coach bodies '(= 80 x 41) = 3280 

Electrical equipment ( = 125 x 20) = 2500 

Labour in assembling ( = £6 per ton) . . . = 530 

Total cost of train = 6900 



» 



)) 



9f 



it 



per ton = £78-5 
per seat = £38-3 

IL Train with Single-phasb Equipment. 

We shall require to provide 8 motors — one for each axle. Thus 
we have — 

4 motor-bogies at 5*5 tons . 
2 trailer-bogies at 4*0 tons . 
2 motor-coach bodies at 15 tons 
1 trailer-coach body at 11 tons 

Weight of train, exclusive of electrical equipment 



= 22 tons 
= 8 
= 30 
= 11 



ft 



it 



= 71 tons 
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We may again denote the weight of the electrical equipment 
by W. Now, aingle-phase electrical equipment, when the component 
motors are of 150 to 250-hp rated capacity, have a weight of 40 kg 
per rated hp. We again require 12 rated hp per ton of dead weight 
of train (= 71 + W). We now have— 

W = 0-040 X 12 X (71 + W) = 66 tons 
/. Dead weight of train = 71 + 66 = 137 tons 

Consequently — 

ihe rated capacity of electrical equipment = 137 x 12 = 1644 hp 

This may be provided by eight 210-hp motors and auxiliary 
apparatus. 

The cost works out as follows : — £ 

Trucks (= 22 X 30) = 660 

Coach bodies (= 80 x 41) = 3280 

Electrical equipment ( = 125 x 66) . = 8250 

Labour in assembling ( = £4 per ton) =s 550 



Total cost of train = 12,740 



jf 



» 



ti 



)> 



per ton = £93 
per seat = £70-8 

Thus for our two 180-seat trains operating a 26 ml ph 1-stop-per- 
mile service we have the results given in Table LXYIII. 



Table LVHL— Pabticulabs of 180-8bat Tbainb with GoNrnrnons and Sinoub- 

FHABB EqUIFMBNTS. 



Dead weight of train in tons 
Total ooBt of train . 
Ditto per ton .... 
Ditto per seat .... 
Dead weight of train in tons per seat 



Contlnnoiu. 

88 

£6900 

£78-6 

£38*3 

0-481 



Stngle-pbaM. 

137 

£12,740 

£98 

£70-8 

0-761 



In order to arrive at a rough estimate of the relative annual costs 
for capital, depreciation, maintenance and renewals, let us assign 15 
per cent, of the cost to cover these factors. These annual costs are 
thus respectively — 



Per train 
Per ton 
Per seat 



CootinQons 
electricity. 

£1036 

£11-8 

£5-8 



Sin^e-pbAM. 

£1910 
£14-0 
£10-6 



Let US next endeavour to estimate a reasonable figure for the 
number of miles which should be travelled by each train per year. 
Allowing each train to be in service for 160 days in the year, and 
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keeping it in operation to its schedule for 15 hours out of each day 
that it is in service, we find that each train is in service for — 

160 X 15 = 2400 hours per annum. 

During this time, at 26 ml ph, such a train will cover — 

26 X 2400 =: 62,400 miles. 

In Fig. 45 (page 80) we see that for this 26 ml ph one-mile 
schedule, a conservative value for the input to the train from the 
third rail or overhead conductor will be some 110 w hr per ton-mile. 

This figure, however, relates to test runs. In practice, allowing 
for all the exigencies of everyday service, such as shunting, lighting, 
making up time of delayed trains, and the various other contingencies 
of routine service, the consumption may be taken as averaging, per 
ton-mile of recorded service, a 20 per cent, higher amount, bringing 
the gross input to 132 w hr per ton-mile. Taking into account that 
the total train weights, including passengers, are — 

For continuous electricity . . . 1*06 x 88 = 93 tons 
„ single-phase 1*06 X 137 = 145 „ 

and that the corresponding gross inputs are — 

w hr per kw hr per 
ton-niUe train-mile 

Gross input for continuous electricity train . 132 12*3 

. 132 191 



9> 9} 99 99 » 



Let US take the over-all efficiency from the generating station to 
the train as 80 per cent, for the continuous-electricity system, and 90 
per cent, for the single-phase system. Then the outputs from the 
generating station are as follows : — 

For the continuous-electricity 1 12*3 ^ ,- . , , ^ . ., 

system . . . . J = (F80 = ^^'* ^"^ ^ ^^ tram-mile 

19*1 
For the single-phase system = ^r^^-^ = 21-2 „ „ 

Since each train covers 62,400 miles per annum, the outputs per 
train per annum are as follows : — 

Continuous electricity 62,400 X 154 x 10-« = 0*96 million kw hr 
Single phase . . 62,400 x 21-2 x 10-« = 132 



99 » 



For a service of this sort, provided there are sufficient trains always 
in service to ensure some approach to a uniform load, electricity could 
be purchased from supply companies in many districts at 0'50d. per 
kw hr of high pressure, three-phase electricity as delivered from the 
generating station, and at 0'55d. if supplied from the generating 
station as high pressure, single-phase electricity. This would not 
include any costs pertaining to the transmission line from the 
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generating station to the railway. The cost of electricity per train 
per annum would thus be — 

Continuous electricity . . . — ^""oZo ^ £2000 

Singl^phase 1.320.000^x 0-55 ^ ^^^^ 

The interest, depreciation, and maintenance for a train, and the 
cost of the electricity for the train, are only two of many large items 
associated with the total cost of running the train. All the other 
items may, however, be taken as coming, in the aggregate, to sub- 
stantially the same total, independently whether the continuous- 
electricity system or the single-phase system is employed. Thus with 
the heavy single-phase trains the maintenance and depreciation of 
the permanent way will be much greater than with the relatively 
light continuous-electricity trains. The cost of single-phase overhead 
construction is greater than that of third-rail construction. These 
two items will fuUy offset the greater cost of the sub-station 
machinery in the continuous-electricity system. It is here only 
proposed to compare the components which we have estimated^ as 
these are the ones including the most essential disparity. 

Thus we arrive at values set forth in Table LIX. — 

TabiiB LIX.— AxiNUAL Costs fob 180-beat Tbains with Oontinuous aih) Singia- 

FHABE Equipments. 

Dead weight of train 88 tons . 187 tons. 

A — interest, depreciation, and maintenance of one ISO- 
seat, 26 ml ph, 1 stop-per-mile train, per annnm . . £1,036 . £1,910 
B— outlay for electricity for one train per annum . . £2,000 . £8,020 

(A+B) £8,085 . £4,980 

Mileage per train per annum 62,400 . 62,400 

(A + B) per train-mile 11*7(2. . 19-0(2. 

„ „ ton-mile 0*188(1. . 0*139(2. 

„ „ seat-mUe 0*066(2. . 0*106(2. 

Thus the single-phase system costs at least some (19*0 — 11-7 
= 7*3) more per train-mile for this particular capacity of train, and 
for this particular schedule, than the continuous-electricity system 
costs. 

There are, of course, many other expenses associated with train 
operation, and the total costs of all kinds would usually aggregate, 
for a 180-seat train, at least some 355. per train-mile, or a matter of 
from two to three times the above value of (A + B). But since, as 
already pointed out, A and B are the components chiefly affected by 
the choice between continuous-electricity and single-phase operation, 
then, whatever be the precise value of the total costs, the difiTerence 
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against single-phase will, for a train of this capacity and for this 
schedule, be a matter of some Id. per train-mile. Thus, if the total 
cost per train-mile is, for continuous electricity, of the value set forth 
in the first column of Table LX., then the single-phase cost per 
train-mile will be of the value set forth in the second column, and the 
percentage by which the latter exceeds the former cost will be of the 
value shown in the third column. 



TABIiB LX. — 180-8BAT TBAIN, OPEBATING to a SCHEDUO! of 26 Mil FH, WITH ONE 

20-8BCOND Stop Peb Mile, and aogbegatiko 62,400 miles Sebvice bun Peb 
Yeab. 



Cost per train-mile. 


Percentage greater cost of 


ConUnnous electricity. 


Single phase. 


the single-phase train. 


35i. 
40d. 
45(2. 
50(2. 


42(2. 
47(2. 
52(2. 
67(2. 


20 
17 
16 
14 



The average fare for urban and suburban railways, taking into 
account all classes, as also workmen's fares, is around Q'%d. per mile. 
But since a seat is, on the average, occupied for — say, 33 per cent, of 
its journey — the receipts per seat mile are around — 

0-33 X 0-60 = 0-20rf. 

The receipts per train-mile are thus of the order of — 

180 X 0-20 = 36rf. 

Thus it is evident that the difference between the costs of the two 
systems is more than sufficient to provide for, or wipe out dividends, 
were electrification introduced on an extensive scale. Or, looking at 
the matter from the opposite standpoint, if, as its advocates claim, 
single-phase can, under these conditions, compete with steam, then 
the use of the continuous-electricity system would render available 
for dividends, or for reserve funds, or for expenditure in improving the 
railway, a further large percentage of the gross receipts. 

On the whole, my figure of 0*6rf. per mile for the average fare 
errs on the side of being rather high. I have taken it with a view to 
giving the single-phase system the benefit of any doubt on this score. 
It is evident from the table that the lower the gross receipts per 
train-mile, the more unfavourable to the single-phase system are the 
results of the comparison. For the last six months of the year 1909, 
the receipts from passengers on the Baker Street and Waterloo 
Eailway, the Great Northern Piccadilly and Brompton Eailway, and 
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the Charing Cross, Euston and Hampstead Railway, averaged 0*189e2. 
per seat-mile. 

It will be pointed out that the case I have taken, namely, a 
service in which, with one stop per mile, a schedule speed of 26 miles 
per hour is maintained, is rather a severe service. I am quite aware 
of this. But it is the very ability to provide such a service which is 
often a chief inducement to introduce electric operation. If, still with 
one stop per mile, we come down to a schedule speed of, say 20, ml 
ph, while electrification is highly desirable, there are not (except for 
mountain roads and for tunnels and elevated roads) so strong 
advantages in its favour as exist in the case I have taken for my 
example. While at the lower speed (with one stop per mile) the 
disparity between single-phase and continuous electricity is dis- 
tinctly diminished, the advantage for continuous electricity is still 
too great to be overlooked. At the slow schedule of 16 ml ph and 
one stop per mile, or with any schedule equivalent to this, such 
as still lower speeds with more frequent stops, or higher speeds 
and less frequent stops (as on the Midland Railway electrification 
at Heysham), we come to the range of work where, so far as relates 
to the rolling stock, it is of much less consequence which system is 
employed. But for so unattractive a service, there will rarely, with 
present developments, be found sufficient economic advantage to 
justify substituting electricity for steam. 

A point which has not been sufficiently appreciated is the large 
percentage which the rolling stock constitutes of the total capital 
outlay of urban and suburban railways. 

Thus take the case of 50 miles of double track, over which trains, 
each with a seating capacity for 450 passengers, are operated at a 
headway of 2J^ minutes and at a speed of 16 ml ph with 2 stops per 
mila For such a service the trains may be taken as accomplishing 
an aggregate of some 14 million train miles per annum. The dis- 
tribution of the electrification and rolling stock costs is somewhat as 
follows — £ 

Generation Station 800,000 

Transmission system, including sub-stations . 1,600,000 
Continuous-electricity rolling stock . . 3,200,000 

Total .... 5,600,000 



The rolling stock constitutes 57 per cent, of the total, and the 
maintenance and depreciation thereon are enough greater than on the 
other items, to raise the annual costs associated with the third item 
to some 75 per cent, of the annual costs associated with the total of 
the three items. 

It is thus evident that a serious disadvantage of the single-phase. 
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as compared with the continuous-electricity system, is the relatively 
greater weight and cost of the rolling stock. This disadvantage 
becomes less the greater the distance between stops and the lower 
the schedule speed. In other words, we may say that, in respect to 
seating capacity, the single-phase system is, as regards weight, at a 
less disadvantage the less the severity of the schedule. 

In Fig. 86 are given the results of carefully prepared estimates of 
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Fio. 85. — Curves showing Weights of a 180-Seat Train for Various Schedule Speeds 

with One Stop per Mile. 

Ourve A, for Single-phase Equipment. 
„ B, ,, Continuous Equipment. 

the weights of rolling stock per seat for 180-seat trains designed 
for operation at various schedule speeds with one stop per mile, and 
equipped respectively with continuous and single-phase apparatus. 
We see from the figure that for so light a schedule as 15 ml ph and 
one stop per mile there is, so far as relates to the weight of the 
rolling stock, no difference worth considering between continuous 
and single-phase trains. But already, at 24 ml ph,the single- j^ase 
train weighs 35 per cent, more than the continuous-electricity train, 
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the Ghaxing Cross, Euston and Hampstead Railway, averaged 0*189e2. 
per seat-mile. 

It will be pointed out that the case I have taken, namely, a 
service in which, with one stop per mile, a schedule speed of 26 miles 
per hour is maintained, is rather a severe service. I am quite aware 
of this. But it is the very ability to provide such a service which is 
often a chief inducement to introduce electric operation. If, still with 
one stop per mile, we come down to a schedule speed of, say 20, ml 
ph, while electrification is highly desirable, there are not (except for 
mountain roads and for tunnels and elevated roads) so strong 
advantages in its favour as exist in the case I have taken for my 
example. While at the lower speed (with one stop per mile) the 
disparity between single-phase and continuous electricity is dis- 
tinctly diminished, the advantage for continuous electricity is still 
too great to be overlooked. At the slow schedule of 16 ml ph and 
one stop per mile, or with any schedule equivalent to this, such 
as still lower speeds with more frequent stops, or higher speeds 
and less frequent stops (as on the Midland Railway electrification 
at Heysham), we come to the range of work where, so far as relates 
to the rolling stock, it is of much less consequence which system is 
employed. But for so unattractive a service, there will rarely, with 
present developments, be found sufficient economic advantage to 
justify substituting electricity for steam. 

A point which has not been sufficiently appreciated is the large 
percentage which the rolling stock constitutes of the total capital 
outlay of urban and suburban railways. 

Thus take the case of 50 miles of double track, over which trains, 
each with a seating capacity for 450 passengers, are operated at a 
headway of 2^ minutes and at a speed of 16 ml ph with 2 stops per 
mila For such a service the trains may be taken as accomplishing 
an aggregate of some 14 million train miles per annum. The dis- 
tribution of the electrification and rolling stock costs is somewhat as 
follows — £ 

Generation Station 800,000 

Transmission system, including sub-stations . 1,600,000 
Continuous-electricity rolling stock . . 3,200,000 

Total .... 5,600,000 



The rolUng stock constitutes 57 per cent, of the total, and the 
maintenance and depreciation thereon are enough greater than on the 
other items, to raise the annual costs associated with the third item 
to some 75 per cent, of the annual costs associated with the total of 
the three items. 

It is thus evident that a serious disadvantage of the single-phase. 
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as compared with the continuous-electricity system, is the relatively 
greater weight and cost of the rolling stock. This disadvantage 
becomes less the greater the distance between stops and the lower 
the schedule speed. In other words, we may say that, in respect to 
seating capacity, the single-phase system is, as regards weight, at a 
less disadvantage the less the severity of the schedule. 

In Eig. 85 are given the results of carefully prepared estimates of 
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Fio. 85.— Curves showing Weights of a 180-Seat Train for Various Schedule Speeds 

with One Stop per Mile. 
Ourve A, for Single-phase Equipment. 
„ B, „ Continuous Equipment. 

the weights of rolling stock per seat for 180-seat trains designed 
for operation at various schedule speeds with one stop per mile, and 
equipped respectively with continuous and single-phase apparatus. 
We see from the figure that for so light a schedule as 15 ml ph and 
one stop per mile there is, so far as relates to the weight of the 
rolling stock, no difierence worth considering between continuous 
and single-phase trains. But already, at 24 ml ph,the single- phase 
train weighs 36 per cent, more than the continuous-electricity train, 
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and at 28 ml ph the excess is 60 per cent. For a total train weight of 
0*5 ton per seat the continuous train is suitable, with one stop per mile, 
for a schedule speed of 26 ml ph, as against a schedule speed of only 
20 ml ph for the single-phase train. 

Corresponding curves of the cost are given in Fig. 86. From 
these curves we see that for low speeds the cost of the train per 
seat is of the order of £30 to £35, and that tiie difiTerence between 
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FiQ. 86.— Curves ehowing Costs of a 180-^eat Train for Various Schedule Speeds 

with One Stop per Mile. 
Curve A, for Single-phase Equipment. 
„ B, „ Continuous Equipment. 



the two systems, so far as relates to this feature, is slight. With 
increasing schedule speeds, however, the difference in cost rapidly 
increases. At some 22 to 23 ml ph (with one stop per mile) the 
single-phase train costs 50 per cent, more than the continuous- 
electricity train, and at 27 ml ph the cost of the single-phase train 
is twice that of the continuous-electricity train. The difference in 
cost is strikingly brought out in the following table : — 
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Cost of train 


Appropriate schedale speed In ml ph 
with one stop per mile. 


per Beat. 


Contlnnous-eleo- 
tridty train. 


Single-phase 
train. 


£40 
£60 


27 
SO 


19 
23 



These results show that for the railway electrification work at 
present confronting engineers, i,e. for the range of work where 
electrical methods are distinctly preferable to steam-locomotive 
methods, the system employing series- wound, continuous-electricity 
motors is decidedly the most appropriate. 

Extensive areas may be served by the system of traction employing 
continuous-electricity motors on the trains by the plan, now almost 
invariablyused,of employing large,high-pressure,alternating-electricity 
generators to provide the electricity in the first instance. The pressure 
employed at these alternating-electricity generators is usually of the 
order of from 10,000 to 12,000 volts. The use of these high 
pressures, enables the Electricity Supply Station to be located at some 
site selected with reference to economical considerations, and often 
at a very considerable distance from the trains where the energy is 
required. Thus a site at the side of a river or canal may, from 
considerations of the cheapness of land, the facilities for bringing 
coal, and the plenitude of circulating water, permit of providing 
electricity at a much lower price than would be possible were the 
location of the Electricity Supply Station determined solely with 
reference to its proximity to the' location where the electricity is 
required, namely, at the trains. The very nature of the requirements 
of railways involves the necessity of supplying electricity over 
extensive areas, and it is also essential to the economical application 
of electricity to power supply purposes that there shall be some 
approach to a uniform load on the station. Many trains must be 
simultaneously operated from the same Electricity Supply Station in 
order that their fluctuating individual requirements shall overlap to 
such an extent as to provide an aggregate load of sufficient uniformity 
to consist with commercial economy. Thus it has become recog- 
nized as fundamental that a large area shall be served from a single 
Electricity Supply Station. The Lots Koad Electricity Supply Station 
at Chelsea, for example, at the times of maximum load, supplies 
electricity simultaneously to some 165 trains scattered over an area 
some 25 miles long and some 10 miles wide. Of course, when a 
certain distance has been reached, the cost of the copper transmission 
line becomes sufficiently great to justify a second Electricity Supply 

N 
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Thus, the fundamental condition for obtaining an adequate return 
for the heavy costs entailed in ""electrifying" a section of steam 
railway, is that the electric service shall provide very frequent 
trains. During the hours of densest traffic, some of the London 
tube railways provide a service, in each direction, of forty trains per 
hour. This corresponds to one train every 90 seconds. This is in 
striking contrast to the conditions on extensive sections of main-line 
railway situated at considerable distcmces from cities. On such 
sections, only some couple of trains would pass a given point 
in one direction in the course of an hour. Obviously, under such 
circumstances, the proposition to obtain the power from a distant 
generating station loses force, since the cost of the structures for 
conveying the electricity to the train works out at a high value 
per train-mile, and the advantages of the self-contained steam- 
locomotive are very evident. 

If, under these conditions, some autocrat were, nevertheless, to 
require the supercession of the steam-locomotive by the electric 
motor, the single-phase system would legitimately come into con- 
sideration. From the point of view of the single-phase system, 
the irony of the situation arises from the circumstance that in the 
field where its economy is more or less on a par with that of the 
continuous-electricity system, the steam-locomotive can usually more 
than hold its own in comparison with electrical methods. 



CHAPTER XIV 

SUMMARY AND CONCLUSIONS 

In a lecture which I delivered in October, 1909, at the School of 
Military Engineering at Chatham,* I pointed out that in the earlier 
instances of the application of electric motors to the propulsion of 
railway trains, the chief motive was usually quite dissociated from 
any question of the superiority of the electric motor over the steam 
locomotive as regards capacity or economy. In many instances, the 
complete elimination of smoke from tunnels was practically the 
exclusive reason for the adoption of electricity. This same feature 
of the absence of smoke in tunnels and railway stations, and even 
on overhead railways, continues to play no small part in the favourable 
reception which has been accorded to electrically-propelled trains. 
Owing to difficulties with steam and smoke, the steam locomotive 
would be altogether inadmissible for hauling ^ains in the deep-level 
tubes which now play so important a part in the transportation 
arrangements of London. Had it not been for this feature of 
cleanliness a much longer time would have been required to attract 
to the proposition of railway electrification the very serious attention 
which it now commands. Amongst the installations where electricity 
has been adopted primarily to eliminate smoke difficulties may be 
mentioned the New York Central Eailway, the Pennsylvania Eail- 
way, and the New York, New Haven and Hartford Eailway, which 
all enter New York through long tunnels, the Baltimore and Ohio 
Eailway, the Simplon Tunnel Eailway, the Cascade Tunnel of the 
Great Northern EaUroad, U.S.A., the Mersey Eailway, the tube 
railways of London, the Metropolitan District Bailway and the 
Metropolitan Eailway in London, the Berlin Overhead and Under- 
ground Eailway, the St. Clair Tunnel of the Grand Trunk 
Eailway System, and the Metropolitan Underground Eailway of 
Paris. Unfortunately, on British Eailways the restricted dimensions 
of the tunnels often render them a hindrance rather than an incentive 
to the introduction of electrical methods. In this respect the conductor 

* In this chapter I have made use of certain portions of my Chatham lecture. 
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rail is more amenable to the ruling cooditioDS than is the overhead 
conductor ajatem. 

It has, however, heen for some time olearly recognized that the 
eleotrioal methods which hare already come into fairly extensive use 
on lailwaya posaesB inherent attributes which in th^nselves sofBce, 
quite aside from the £rat-rec<^nized important feature of greater 
cleanlineas, to ensure their ultimate general adoption for a very wide 
field of railway work now usually done by means of steam locomotives. 
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Scl^idt Spted in ml ph, 

Fio. ST.— Curves showing tibe Acceleration in ml pbps neoessBrj to mainUdnTuions 

Schedule Speeds for several DistanceB betneen Stops, 
ffl = S.L.E. Rly. — Schedole Speed 23 ml 'pb. Acceleratioa 1-0 ml pbpa. Avenge 

DiBtonce between Stops 0-88 MUa. 
n = L, &Y. Bty.— Schedule Speed 80 ml ph. Acceleration 1-0 ml phps. Average 

Distanoa between Stops 1'33 Mile. 

provided that no adequately radical improvement in the ateam engine 
is brought forward. 

In Fig. 87 ia shown, for runs of lengths varying from one-half 
mile up to eight miles between auccesaive stopping-places, the inter- 
dependence which exists between the accelerations and the attain- 
able schedule apeeda. In the preparation of .these curves I have 
taken the deceleration during braku^ as some 1'5 ml phps, and the 
duration of the stops at stations as 20 seconds. I have taken 
reasonable characteristics for the speed-time diagrams by means of 
which the data plotted in Fig. 87 have been derived. From these 
curves it will be seen that while with one stop per mile, an acceleration 
of 0'4 ml phps only permits of obtaining a schedule speed of some 
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17 ml !ph we can, by doubling this acceleration, i.e. by employing 
an acceleration of 0*8 ml phps obtain a schedule speed of some 
23 ml ph, that is to say, we can increase the schedule speed by 35 
I>er cent. Now, for suburban traffic, the practicability of obtaining 
high schedule speeds, at the same time providing stops every mile, 
or even every half-mile, is of enormous commercial importance. With 
present steam-locomotive practice, where suburban passenger trains 
are rarely accelerated at more than 0*4 ml phps, the attainment of 
a schedule speed of 22 ml ph is only practicable when the stopping- 
places are at least 1*7 mile apart. But with electrically-equipp^ 
trains, an average acceleration of 1 ml phps is in accordance with 
thoroughly established practice, and this ratio permits of operating 
to a schedule speed of 22 ml ph even when the stops are only 
0*8 of a mile apart. Thus, the use of electrically-operated trains for 
a suburban service permits of having, on a given route, twice as many 
stops as with trains hauled by steam locomotives, and of nevertheless 
maintaining the same schedule speed. 

Conversely, we may, for the two methods of propulsion, compare 
the schedule speeds corresponding to a given distance between stops. 
This leads us to the result that, with a stop every 0*8 mile, the schedule 
speed with electric trains will be 22 ml ph as against a schedule 
speed of only some 14 ml ph for trains hauled by steam locomotives. 
The relation shown in the curves in Fig. 87 as existing between 
the accelerating rate and the attainable schedule speed is based on the 
inevitable relations between space and time. The allocation of the 
high acceleration to electric trains, and of the low acceleration to trains 
hauled by steam locomotives, is based on experience. As instances 
of electric railway practice in this country, I may cite the Liverpool- 
Southport electrified section of the Lancashire and Yorkshire Bail- 
way, where trains equipped with series- wound, continuous-electricity 
motors are regularly operating to the schedule indicated at point 
n in Fig. 87. This point corresponds to a schedule speed of 30 
ml ph over a route with 1 stop every 1*32 mile. Point m corre- 
sponds to the schedule for the single-phase electric trains in operation 
on the 9-mile section of the L.B. & S.C. Eailway between London 
Bridge and Victoria, and known as the South London Elevated Eail- 
way. The average distance between stops on this railway amounts 
to 0*88 mile and the schedule speed is 22 ml ph. Still higher accele- 
rations have been employed on electric railways and might be cited, 
but, on the whole, the economical range appears to be of the order of 
from 1*0 to 1*5 ml phps for high-speed electric trains making frequent 
stops.* 

It is true that steam locomotives may be designed which will be 

* See p. 5, Chapter I. 
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capable of acoeleratdng trains at a much higher rate than 0-4 ml 
phps. But just as the economical limit for electrically-equipped 
trains appears now to have been established by experience to be of 
the order of from 1*0 to 1*3 ml phps, although twice tUs rate 
could readily be provided were it justifiable to go to the necessary 
expenditure, and were the greater total train weight immaterial; 
so, also, it appears now to have been established by experience 
that the economical limit for trains hauled by steam locomotives 
is, for such a service, of the order of 0*4 ml phps, although 
there is no reason why twice this rate, or even more, could not 
be provided were questions of cost and weight not of consequence. 
Obviously, the acceleration corresponding to a given tractive effort 
exerted by a locomotive is dependent upon the weight of the train 
behind the engine. If, with a given weight of train, a certain engine 
accelerates at 0*3 ml phps it will, with a train of only half this weight, 
accelerate at 0*6 ml phps. 

Let us consider a train operated by continuous electricity, employed 
on the Liverpool and Southport section of the Lancashire and York- 
shire Bailway. It has already been stated that the point n of Fig. 
87 relates to this train. The train comprises 4 coaches, and its 
complete weight is 144 tons. The train is made up of 2 motor- 
coaches, on each of which all four axles are driven, and of 2 inter- 
mediate coaches not carrying any propulsion equipment. Thus, out 
of the train's 16 axles, 8 are driven by motors, and these 8 axles carry 
92 tons out of the 144 tons total weight of the train. Owing to the 
uniform turning effort of electric motors, slipping rarely takes place 
with electric trains until the tractive effort of the motor amounts to 
some 25 to 30 per cent, of the weight on the driven axles. Indeed, 
instances are on record where, when sand has been used, the coefficient 
of adhesion has amounted to 0*35. Thus, it will be agreed that it is 
conservative to take the adhesion in the case of electric trains, at 25 per 
cent. On the basis of 25 per cent, adhesion, we arrive at the result 
that the wheels will not slip until the 8 motors are exerting a tractive 
effort of 23 tons. This tractive effort, which would, on a level track, 
correspond to the high acceleration of 3 ml phps, would call for a 
current much in excess of that for which the motors and apparatus 
have been designed, and the calculation has been given simply to 
illustrate the point that, with electrical traction methods, considerations 
of adhesion far less often impose limitations than is the case with 
steam-locomotive methods. 

The steam train must carry not only its own motor, the steam 
engine, but also its steam-raising apparatus and its fuel, and the com- 
bined plant cannot, for a given capacity, be reduced to any such small 
volume and low weight as has become standard for electrical equip- 
ments. In electric traction, with specially severe conditions, it is only 
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the increased weight of the motor and its controlling apparatus which 
affects the total train weight ; the severe conditions as regards the 
steam-raising apparatus and the weight of the fuel are transferred to 
the electricity generating station, whereas with trains hauled by steam 
locomotives any increase in the severity of the service entails 
increased size and weighty not only of the engine, but of the steam- 
raising apparatus which is carried on the train. Thus, the weight of 
trains hauled by steam locomotives more greatly exceeds the weight of 
electric trains for the correspondii^ service the greater the severity 
of the service. The severity of the service is, for good level tracks, 
chiefly proportioned to the frequency of the stops and the schedule 
speed. Thus, it is especially in the case of suburban services 
that electrical methods are superior to steam-locomotive methods as 
regards the advantages of lesser total train weight. In the earlier 
chapters of this treatise I have shown that it is exactly for these 
severe services, namely, for high speeds and frequent stops, that a 
low train weight per passenger carried, or per seat provided, is of great 
commercial importance. I have shown this to be a consequence of 
the most characteristic feature of the mechanical problem of operating 
trains at high schedule speed notwithstanding frequent stops. This 
characteristic feature relates to the circumstance that, of the total 
enei^y required by the train, a preponderating percentage is used 
in providing the momentum of the train at its crest speed, and that 
nearly all this energy of momentum is subsequently wasted as heat 
at the brake-shoes. I have shown in Chapter III. (see Fig. 21, p. 40), 
that in the case of a schedule speed of 18 ml ph, with stops every half- 
mile, the energy stored up in the train as momentum at the instant when 
the crest speed is attained, amounts to some 55 per cent, of the total 
energy consumed by the train during the run. With 4 miles between 
stops, however, even at a schedule speed of 30 ml ph, the percentage 
stored up as momentum at the instant of crest speed is only some 
30 per cent, of the total energy consumed by the train during the run. 
For a half-mile run at a schedule speed of 18 ml ph only some 22 
per cent, of the energy consumed by the train is usefully expended in 
its propulsion. But for a 4-mile run, even at 30 ml ph, some 55 per 
cent, of the total energy consumed by the train is usefully expended 
in its propulsion. For a service with frequent stops, so small a part 
of the total energy consumed is available for propulsion, that the 
total input to the train per ton of weight is inevitably very high, and 
it becomes of the utmost importance to keep down the cost of the 
energy consumed by the train by keeping down the weight of the 
train. This state of affairs should be contrasted with the conditions 
of long-distance, non-stop runs. For such conditions, where steam- 
locomotive methods are most appropriate, weight is of decidedly less 
consequence, since the energy stored up as momentum constitutes an 
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utterly negligible part of the total energy consumed by the train in 
maluDg its journey. In such a case, by far the greater part of the 
energy required by the train is consumed in overcoming the friction 
of the track and bearings, and the air friction at the ends and sides 
of the train. But little is gained in such service in reducing the 
weight of the train. 

But in suburban, high-speed, frequent-stop services, the energy 
required is closely pro^rtional to^e weight of the train, sin^ 
it is largely represented by the momentum of the train at its crest 
speed. Herein, therefore, we see at once, the chief reason why 
electrical methods are so much more suitable for high-speed, 
frequent-stop services than steam-locomotive methods can be. 

The transit facilities of London, New York, Berlin, Paris and, in 
fact, of all the large capitals of the most progressive countries, as well 
as of the immediate suburbs of these capitals, have now, for some 
years, comprised magnificent systems of electrically-operated railways. 
To these instances there are now gradually being added the sections 
of main-line railways radiating out some twenty miles or more from 
their city tenmni. This latter movement is pro<^eding very gradoaUy. 
It is retarded by the circumstance of the inherent inappropriateness 
of electrical methods where the traffic is sparse. Thus, while for some 
20 to 25 miles out from London the service of all main-line railways 
is either already dense, or would rapidly become so under the conditions 
attending electrification ; it would be essential, in the interests of 
economy beyond this 25-miIe zone, to change over from electric to 
steam-locomotive propulsion. The necessity of admitting the 
superiority of steam-locomotive methods for long-distance, non-stop 
runs inclmes the railway managements to postpone taking up the 
question, the more especially since there is the further difficulty of 
justifying in advance, the large capital expenditure incurred in electri- 
fying the termini and the area contained within the 25-mile radius. 
The suburban traffic of a main-line railway is a very large component 
of its total business. While the length of route is but a small pro- 
portion of the railway's entire length of route, this relatively small 
length is so intensely utilised that the train-mileage within the 
suburban zone must constitute a large percentage of the total train- 
mileage of most of the railways entering London, and it would not be 
commercially justified to subordinate the interests of this large traffic 
by inflicting upon it some less appropriate electrical system on the 
plea that that system is the most appropriate for main-line work. 
More especially is this the case in view of the fact that the steam 
locomotive is well adapted to handle all except the suburban sections 
of a main-line railway. 

Largely owing to the importance of employing trains of light 
weight, it is now generally agreed that of the various leading systems 
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of electrical propulsion, the system employed on the train, series- 
wound, continuous-electricity motors is distinctly the best for 
suburban services with high speeds and frequent stops. The 
three leading systems of electric railways employ on the trains 
respectively — 

I. Three-phase motors. 

II. Continuous motors. 

III. Single-phase motors. 

The three-phase motor is preferable to either of the other two types so 
far as relates to its light weight. For the service in question, however, 
i.e. for the particular sort of service where steam-locomotive methods 
are at the greatest disadvantage, the three-phase motor has the serious 
disadvantage that it runs at approximately constant speed at all loads. 
If a three-phase train encounters a grade, it does not ascend at reduced 
speed as do the other two types of motor, but it maintains its full 
speed throughout the ascent. This imposes severe peaks of load on 
the Electricity Supply Stations, whereas the reduced speed at which 
the other two types of motor automatically operate so soon as the 
grade is reached, protects the Electricity Supply Station from such 
wide variations in its load. The capital cost of an Electricity Supply 
Station for a given quantity of electricity delivered per annum is less 
the more uniform the load. A railway load is at the best far from 
uniform, and it is, consequently, the more important from this stand- 
point to avoid employing a type of motor with properties tending to 
accentuate the load-fluctuations on the Electricity Supply Station. 
A lesser disadvantage of the three-phase railway motor, but one 
which should, nevertheless, be mentioned, is the necessity for providing 
at least two supply conductors and at least two contact trolleys. 

The three-phase system has been very widely employed on the 
Italian State Bailways. Professor Kapp, in his Inaugural Presidential 
Address to the Institution of Electrical Engineers, on November 11, 
1909, quotes Mr. Verola, Chief Engineer of the Electrical Department 
of the Italian State EaUways, as follows : — 

''The decision to use the three-phase system is not final and 
absolute for our administration ; but the latter considers it preferable 
as a beginning, for the lines at present imder electrification. The 
possibility to use the single-phase system in other cases which may 
better lend themselves to it, is thereby not excluded. In the case of 
three lines (Pontodecimo-Busalla, Bardonecchia Modane, and Savona- 
Ceva), which are about to be opened, the service is extremely heavy, 
trains of 400 tons and over having to be hauled up long grades of 
2*5 to 3*5 per cent, at a speed of 45 km ph. With the three-phase 
system it is possible to comply with these conditions by using two 
locomotives. These each weigh 60 tons, and each develop (at the 
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l-honr rating) 2000 hp. They have five driving axles and two motors, 
which are placed above and between the three middle axles. Con- 
necting-rods transmit the motion from the motor to the driving axles. 
The three-phase system has the advantage that in nmning downhill 
the speed cannot exceed a certain limit, whilst recuperation of energy 
is possible. With Hie single-phase system, the weight of the motors 
would be at least doubled, resulting in a greater expenditure of energy, 
more especially as we shall be obliged always to use two locomotives 
to each train. The advantages of wider speed adjustment in running, 
and better efficiency in starting, are not of importance, since the grades 
are long and fairly uniform, and the distance between stations is great, 
whilst the latter are all on the level. For these reasons, and also on 
account of uniformity in the service, it is probable that also some 
future electrifications will be on the three-phase system, notably that 
of the prolongation of the Yaltellina line to Milan, which will shortly 
be taken in hand. It is, however, highly probable that some other lines 
will be worked single-phase. One of these is the line Turin-Pinerolo- 
Torre-Pelice, where widely different speeds are necessary, the maximum 
being 80 km ph for 100-ton passenger trains.'" 

We now come to the second type, namely, the type of motor 
employing continuous electricity. The complete electrical train 
equipments employing this type of motor are, on the one hand, as 
light as equivalent three-phase equipments, and they are far lighter 
than equivalent single-phase equipments. 

Thus, a very conservative figure for the complete weight of electrical 
equipment when continuous motors are employed, is 19 kg per rated 
hp as against 40 kg per grated hp for the complete weight of the 
electrical equipment when single-phase motors are employed. 

Let us compare a typical continuous motor with a typical single- 
phase motor. For the former, we may take the G.E.69B already 
illustrated in Fig. 84, on p. 161, and for the latter, the W.E.51, of 
which an illustration is given in Fig. 88. For the commonly-accepted 
basis of rating of railway motors, namely 75° C. thermometrically- 
determined rise of temperature after one hour's run at constant load, 
the continuous motor has a capacity of 240 hp, as against a capacity 
of only 115 hp for the single-phase motor. The two motors have 
substantially the same over-all dimensions and weight, and yet the 
single-phase motor has only half the capacity of the continuous- 
electricity motor. 

It is not alone that single-phase motors are much larger and 
heavier for a given rated output, but also the remainder of the 
electrical equipment required on the single-phase system is very 
much more biQky and heavy than the corresponding apparatus for 
continuous equipments. 

As to the single-phase motor, efforts have been made to reduce its 
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size by employing a blast of air provided by a ventilating set located 
at some suitable point on the truck, and from whicb air is forced to 



FtQ. 88.— W.E.G1 Single-phua Motor. 
One-hour Batiug .... 116 hp. 
Weight (Iniiliidt^ Osaring) . . 276 lone. 
Speed at One-honi Bating . . 600 rpm. 

and through the motor. By these means, which are employed on the 
Siemens and the Westinghouse equipments on the single-phase trains 
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for the Heysham section of the Midland Railway, the motor weight 
has been brought down to 17'6 kg per hp as against 24 kg per hp for 
the weight of the single-phase motors on the S.L.E. line. On these 
S.L.]^. motors, the only artificial ventilation is that provided by the 
small amount of air drawn through a hole in the armature shaft and 
subsequently escaping itom the motor through openings in the case. 
Mr. Dawson, who has designed the electric trains on the S.L.E. Rail- 
way, considers this to be the best plan, notwithstanding the somewhat 
greater weight of motor. On p. 165 of his book, entitled "Electric 
Traction on Railways," Mr. Dawson states — 

"Such methods (alluding to ventilation by means of fans), 
although used by most makers of single-phase motors, even in the 
case of motor cars, are not necessary, nor are they advisable, except 
where installed on electric locomotives, in the cabs of which plenty 
of room is available." 

The total weights of the electrical equipment on the S.L.E. 
trains have never (so far as I know) been made public. But assign- 
ing to the equipment additional to the motors the average of the 
weight per hp of the corresponding parts of the Siemens and the 
Westinghouse equipments on the Heysham section of the Midland 
Railway, we obtain for these additional equipments, a weight of 21 kg 
per rated hp capacity of the motor, which, added to the motor- weight 
of 24 kg per hp, gives 45 kg per hp as the complete weight of the 
electrical equipments on the S.L.E. trains, whereas for continuous- 
electricity equipments, the corresponding figure is almost always, in 
modem designs, well below 20 kg per rated hp of the motor. In 
Table LXI. I have brought together the leading data of the electrical 
and mechanical weights of some motor-coaches, which may be taken 
as typical of the practice of the last few years so far as regards both 
continuous and single-phase equipments. Certain strikiog con- 
clusions may be gleaned from this table. Thus, in the cases of the 11 
motor-coaches, fitted with continuous-electricity equipments, we find 
that the average ratio of the " total weight of the electrical equip- 
ment per motor-coach " to the " weight of all motors including 
gearing " is 1*30, the minimum and maximum values of the ratios 
being respectively 1*26 and 1*33. Thus there is great constancy 
in this ratio, and it may be taken as typical of continuous-electricity 
practice. Amongst the S.L.E. data, those marked with an asterisk 
are based on my own assumptions, since the data have not been 
published. It is not apparent how any progressive purpose can be 
served by withholding data of the weights of the equipments on this 
line. 

Numbers 12 to 15 of Table LXI. relate to motor-coaches fitted 
with single-phase equipments. From these data we see that the 
ratio of the weight of total electrical equipment to the weight of the 
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motors is, for the average of the four equipments, 2*18. Thus it would 
appear that, for single-phase motor-ooaches the weights of the motors 
must be doubled in order to arrive at the total weight of the electrical 
equipments. From Table LXI. we see that the weight of the 
S.L.E. 115-hp motor is 2*75 tons, or 24 kg per hp of rat^ capacity, 
as against 17*6 kg per rated hp and 18*8 kg per rated hp 
respectively for the two types of single-phase motors employed on 
the Heysham line, and 17*4 kg per rated hp for the Botterdam- 
Hague Bailway. The average weight of these four single-phase 
motors is thus 19*5 kg per hp. Averaging the corresponding values 
for the eleven instances of continuous-electricity equipments, we 
obtain the value of 15*6 kg per rated hp. The above figures, together 
with others of an interesting nature which have been deduced from 
Table LXI., are brought together in Table LXII. — 



Tablb LXII.— Ayxbaqe Values dbduced fbom 


Data given in 


Table IjXI. 




Motor-coMh fitted 

with oonttnuooB 

eqvipmenU. 


Motor-ooAcbes 

fitted with 

single-phase 

equipments. 


Peraentsge hj 
which the weights 

of single-phase 
^>iMuratus exceeds 

the weights of 
oontiniioiis equip- 
ments. 


Batio of total weight of electrical 
equipment per motor-coach to 
weight of motors per motor-coach . 

Weight of motors with gear, in kg 
per hp 

Weight of total electrical equipment 
per motor-coach, in kg per hp 


1-30 
15-6 
202 


218 
19-6 
42*1 


25 
108 



While for the reasons already given, this great weight of electrical 
equipment tremendously handicaps the single-phase system as 
regards its application to suburban services, it does not constitute 
a disadvantage of such consequence, as compared with the continuous- 
electricity system, when dealing with long-distance runs with but 
few stops. But for long-distance runs with but few stops, it is 
not apparent that electrical methods of propulsion can yet show a 
net advantage over steam locomotive methods when all the various 
advantages and disadvantages are subjected to a careful comparison. 
It is, however, conclusively established that as a means of propulsion 
for snimrhan service, electrical methods show a great advantage over 
steam-locomotive methods. 

If, as is in my opinion probable, the suburban train mileage consti- 
tutes, on the railways of England, a very large or even a preponderating 
percentage of the total train mileage, then with the f ur^er advantages 
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of the greater cleanliness of electrical methods and the higher speeds, 
greater train weights and greater grade-ascending capacity which are all 
rendered practicable by electrical methods, it could ultimately become 
a sound proposition to also electrify the long-distance, non-stop 
sections. In that event, which, however, I regard as by no means 
imminent, the railways would be faced with the proposition of 
either using continuous electricity because it is the most suitable 
for the suburban sections, or else of using single-phase electricity 
because it is the most suitable for long-distance runs with but 
few stops, or else of using each in its appropriate place and changing 
over at the limits of a 25-mile radius. The third proposition is in 
my opinion the correct one, the more especially since the suburban 
service is best handled by trains of motor-coaches, while the long- 
distance service is best handled by locomotives, and since, furthermore, 
the single-phase system is at a less disadvantage for locomotives. 
Trains despatched from a terminus and bound for a distant locality 
would be haiQed to the boundary of the 26-mile radius by locomotives 
equipped with single-phase motors, which, as is weU known, are oper- 
ative on circuits supplied with continuous electricity. After crossing 
the boundary of the 25-mile zone, these same locomotives would 
draw their supplies from the single-phase circuits with which the 
line would be equipped beyond the 25-mile zone. As a matter of 
experience, the continuous-electricity system of railway electrifica- 
tion has. been demonstrated to meet, better than any other system, 
whether steam or electric, all the requirements of a high-speed, 
frequent-stop service where the trains are run at intervals of but a 
few minutes apart. For long-distance runs with infrequent trains, 
the single-phase system shows up to better advantage, but both 
are, in such a case, distinctly inferior to a steam-locomotive 
system. 

It mustnot be assumed that the series-wound, continuous-electricity 
motor has yet reached the limits of its development. On the contrary, 
there are various directions in which it may be still further perfected. 
Its weight may be slightly decreased by the device of forcing air 
through it, in a manner analogous to that often employed with 
single-phase motors, as, for instance, with the Siemens and the 
Westinghouse motors on the Heysham section of the Midland 
Eailway. By forced ventilation the rating of a motor may readily be 
increased by 25 per cent., and it is probable that still greater improve- 
ment in this direction will be found thoroughly practicable after a 
little more experience has been gained in this direction. It may 
certainly be considered as fully established that the weight of con- 
tinuous-electricity motors may be decreased by some 20 per cent, 
by means of employing forced ventilation, as is usually done with 
single-phase equipments. For schedules of only moderate severity 

o 
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there is not sufficient occasion to resort to such methods for the 
continuous system, since the total weight of the electrical equipment 
is not then a large percentage of the total train weight. But the 
adoption of this method shpuld be valuable for especially severe 
schedules where, even with continuous equipment, the total, weight 
of the electrical equipment constitutes quite a large percentage of the 
total train weight. As showing the general order of magnitude of 
the percentage which the total weight of electrical equipment con- 
stitutes of the total train weight with continuous equipments, I 
have prepared Table LXIII. — 





Table LXIII. 




Schedule meed 
(ml pb). 


Distance between 
stops (miles). 


Weigbt of electrical 
equipment as a per- 
centage of tbe total 
train weight. 


16 
25 
85 
48 


0-6 
10 
1-6 
20 


10 
20 

so 

40 



In corresponding schedules with single-phase equipments, these, 
where commercially possible, entail much greater weights of electrical 
equipment. Thus, on the South London Elevated Railway, although 
the weight of the complete electrical equipment has not been 
published, it doubtless constitutes at least 41 tons out of the 138 tons 
of the total train weight, and is thus at least 29 per cent, of the total 
weight of the train, although the schedule speed is only 22 ml ph, 
with stops every 0*88 mile. 

Equipments comprising continuous-electricity motors are thus so 
reasonably light that it is legitimate to consider improving their 
quality even at the expense of slight increase in weight. It is with 
this thought that several companies are putting on the market 
continuous-electricity motors with interpoles. The Siemens-Schuckert 
Co. has supplied motors of this type for the Bonn-Cologne Rail- 
way which have the additional feature of being wound for 1000- 
volt continuous electricity. By means of this feature of interpoles, 
the obtaining of good commutation is so greatly simplified as to 
render the use of much higher pressures at the motor a thoroughly 
sound proposition. By substituting a pressure of 1200 volts for the 
now customary 600 volts, the sub-stations can be placed at least 
twice as far apart. This will further decrease the capital and operat- 
ing costs, and will give a much more uniform load on the sub-station. 
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since the load at any instant will be made up of the average of twice 
as many trains.* 

Manufacturers are at present making rapid progress toward the 
use of 1200 volts. Several inter-urban lines are at present either being 
installed or in operation, providing electricity to the coach or train at 
a pressure of at least 1200 volts. But in almost all instances, two 
600-volt motors insulated for 1200 volts are connected in series across 
the 1200 volts. In Table LXIV. is given a list of 11 roads where 
1200-volt continuous equipments are either being supplied or are 
already in operation. Amongst the above roads, Nos. VIII. and X. 
are of especial interest. These two roads were originally equipped 
with the single-phase system ; but the system proved unsatisfactory, 
and is being replaced by the high-pressure continuous-electricity 
equipments indicated in Table LXIV. The engineers of the Pennsyl- 
vania Bailway made some very thorough tests with a single-phase 
locomotive on a special testing track. The single-phase system was, 
however, found so distinctly inferior to the continuous system that 
the railway is obtaining 24 continuous-electricity locomotives to haul 
its trains through the tunnel approaches to New York City. Each of 
these 24 locomotives is of 4000-hp rated capacity, and is guaranteed to 
haul 500-ton trains at a speed of 70 ml ph. Each locomotive is of the 
articulated type, weighs 150 tons, and is equipped with two 2000-hp 
motors, the weight of each motor being 19 tons. These are the most 
powerful electric locomotives yet built. The Seebach-Wettingen line 
of the Swiss State Eailways was operated by the single-phase system 
for several years ; but the system was found to cost more than would 
be the case with steam-hauled trains, and the single-phase system is 
now being replaced by steam locomotives. 

These numerous set-backs are in striking contrast to the almost 
uniformly successful history of the continuous-electricity system of 
railway electrification. While the system as it stands is hignly satis- 
factory, it may be of interest to mention certain other directions in 
which manufacturers are endeavouring to further develop it. Thus 
in a new line of railway motors with interpoles, advantage is taken 



* An interesting paper giving comparisons between 1200-yolt and 600-yolt 
continuous-electricity systems for various services has been read by 0. E. Eveleth 
before the American Institute of Electrical Engineers (see " Transactions," 1910, vol. 
zziz. pt. 1). 

The present author contributed an article to the Electrical Review (1904, vol. liv. 
pp. 698 and 766) entitled ** The Continuous System and the Single-Phase System for 
Traction," in wnich comparisons were made between a 1800-volt continuous system 
with two standard motors in series, and a SOOO-volt single-phase system. The article 
evoked correspondence (EUcirical Review, vol. liv. p. 1081) which is also of interest as 
bearing so closely on a subject to which more attention is now being given. The 
method there advocated by the present author is that which is employed on the roads 
of which data is given in Table LXIV. 
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of the better commutation of such motors to introduce a more efficient 
method of control, namely, to regulate the field strength by varying 
resistance in parallel with the series winding. By adjusting the value 
of this resistance, the speed of the motor may be varied. It would 
appear probable that a distinct reduction in the energy required at the 
train should be effected by this method as compared with the ordinary 
speed-control method by means of resistance in series with the motor. 
Similar methods of control were often used many years ago on ordinary 
traction motors without interpoles, but were abandoned owing to the 
poor commutation performance of the motors when running ivith a 
shunted field. The reversion to this method of control, now that 
improved commutation by the use of interpoles is available, is a 
thoroughly rational proposition, and bids fair to be attended with 
success. 

Other interesting propositions relate to the employment of shunt- 
wound, continuous-electricity motors. Such motors can be made to 
act as generators by simply increasing the field strength above that 
corresponding to the speed at which the motor is runniDg. This 
sends electricity back into the line. In other words, a large part of 
the momentum which, as we have seen, often constitutes a pre- 
ponderating percentage of the total energy sent into the train, may 
by this means be returned to the line instead of being wasted at the 
brake-shoes. A leading disadvantage is that since the motor serves 
not only to propel the car but also as a generator during braking, it 
is carrying current for nearly all the time, and consequently must be 
larger and heavier in order not to overheat. Consequently, the 
development of a rational regenerative control system should include 
the feature of forced ventilation of the motors. In addition to the 
very considerable saving in energy rendered practicable by regenera- 
tive control, there is a large saving due to the elimination of the 
wear between brake-shoes and wheels which, in ordinary equipments, 
entails heavy annual outlays for renewals. 
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Brakes, point of application of, 15 
Brake-shoes, losses at, 34, 40 
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efficiency of equipmenl^ 91, 105 
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high-pressure, 194 

ventilation of, 159 
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Costs of electrically equipped trains, 166 

etieq. 
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formula for, 29 

momentum energy at, 29 
Curves, frictional resistance on, 129-130 

speed-time. See Speed-time Diagrams 
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Dalzul and Sayer's tests. See Midland 

Railway 
Deceleration, 11, 52 
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during braking, 11 
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Diagram, speed-time. See Speed-time Dia- 
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Dick-Eerr 150-hp motor, 84 
Distance-time curves, 
construction of, 18 
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of steam train, 17 
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Duration of stops, 19 et teq., 48 
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capacity of, 77, 79, 113-114 

costs of, 168 

effect of adding trailers on the efficiency 

of, 128 
efficiency of, 35, 67, 75 

on Central London Bail- 
way, 91 
on Great Northern Picca- 
dilly and Brompton 
Bailway, 101 
on Lancashire and York- 
shire Bailway, 67 
on Midland Bauway, 154 
losses in, 35, 67 
weight of, 93, 166 et seq., 190, 194 
Energy 

loss at brakes, 34, 40 
loss in electrical equipment, 35, 67 
of altitude, 88 
of momentum, 29 
train-friction, 33 
Euergy-consumption. See alto Teats of, 
Arnold and Potter's tests on, 128 
effect of adding trailers on, 128 
under ideal conditions, 44 et §eq. 
Examples, 18, 26, 42, 66, 96, 114, 181 
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FoBOBD yentilation of motors, 118, 188-190 
Formulae for 

crest speed, 29 

frictional resistance on curves, 130 

inertia of rotating parts, 30 

limiting schedule speed, 31 

momentum-energy at crest speed, 29 
Friction, 

air, 121 

gear, 119 

train. See Train-friction 
Frictional resistance. See Train-friction 



G 



G.E.66A MoTOB, 
efficiency, 90 
heating, 158-160 
weight, 95, 149 

G.E.69B motor, 
efficiency, 102 
heating, 160-162 



G.E.69B moUx^cotUinued, 

yentilation, 161 

weight, 103, 149 
Gear friction, 119 
„ loss, 158 
„ ratio, 133-134 
Gearless motors, efficiency of equipment, 75 
Gradients on Central London Bailway, 87 
Graphical determination of 

acceleration, 110 

power curve, 112 
Gravity, momentum due to, 108 
Great Northern Piccadilly and Brompton 
Bailway, 

efficiency of equipment, 101 

heating of motors, 160-162 

most economical schedule speed, 107 

receipts from passengers, 173 

specification of larain, 102-104 

train-friction on, 101 



Heating of motors, 74, 114, 158 et »eq. 
Heysham single-phase line. See Midland 

liailway 
High-pressure continuous electricity system, 

194-196 
Hutchinson on frictional resistance of 

locomotives, 127 



Ikebtia of rotating parts, 29 
Carter's formtda for, 30 



Lanoashibb abd YoBEsmBB Bailwat, 

efficiency of equipment, 69 

heating of motors, 162-164 

specification of train, 84 

tests on, 67, 69 

train resistance on, 125-126 
Liverpool Overhead Bailway, acceleration 

on, 5 
Locomotives, 

acceleration of steam, 6, 184 

frictional resistance of, 127 
Losses, 

brake-shoe, 84 

in controlling rheostats, 73 

in electrical equipment, 35, 67 

in motors, 158 et »eq, 

M 

Midland Bailwat, 145 et teq. 
'gradients and curyes on, 148 
specification of train, 150-152 
tests of trains, 147, 151 
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Momentmn, 27 

due to gravity, 108 

of rotating parts, 29 

translational, 29, 108 
Motor characteristic, 

acceleration, 9 

of speed-time diagram, 9, 144 
Motor-coaches, particulars of weights, 190- 

192 
Motors, 

efficiency of, 72, 90, 102 

forced ventilation of, 118, 156 

heating of, 74, 114, 158 et seq. 

high-pressure, 194 

rating of, 74 

ventilation of, 118, 161, 188-190 

weights of, 159 (see dUo Specification 
of Trains) 
Moving-platform schemes, 23 



Parallel arrangement of motors, 138, 139 

„ running, 73 
Power curve, 

calculation of, 132 et %eq. 

graphical determination of, 112 
Propulsive efficiency, 36 
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Bating of railway motors, 74 
Bheostatic losses, 73 
Boiling stock, stresses imposed on, 5 
Botational momentum, 29 
Botterdam-Hague Bailway, weights 
motors, 192 
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S 



Schedule speed, 13 

influence of distance between stops, 19 
et $eq, 
„ stops per mile, 19 et tea, 

limitoof,51,58 

on Great Northern Piccadilly and 
Brompton Bailway, 107 
Series arrangement of motors, 138-189 

„ running, 73 
Service, severity of, 13, 23, 185 
Single^hase equipments, 
efficiency, 75 
rotational momentum, 29 
weig^ht per hp, 190 
Single-phase motors, 

forced ventiktion, 149, 188-190 
heating of, 152-153, 164 
weight per hp, 149, 188 



Smoke, elimination of, from tunnels, 181 
South London Elevated Bly., weight of 

equipment, 194 
Specification of trains, 

Central London Bly., 93-95 

G.N.P. and B. Bly., 102-104 

L. and Y. Bly., 84 

Midland Bly., 150-152 
Speed-time diagrams, 1 et seg. 

braking portion, 11-12 

coasting or drifting portion, 11 

constant-speed portion, 10 

motor-characteristic portion, 9-10, 144 

straight-line portion, 2, 9 
Straight-line acceleration, 2, 9 
Stresses imposed on rolling stock, 5 



Tests of energy consumption, 

C.L. Bly., 88 

L. and Y. Bly., 67,69 

G.N.P. and B. Bly., 100 

Arnold and Potter's, 128 
Three-phase system, 187 
Tractive-force. See Train-friction 
Train-friction, 31, 116 et 9eq. 

Armstrong on, 128 

Aspinall on, 125 

Berlin-Zossen tests, 121 

Effect of adding trailers on, 120, 124 
„ weight of train, 129 

Hutdiinson on, 127 

on curves, 180 

on G.N.P. and B. Bly., 101 

on L. and Y. Bly., 125-126 
Train-tests. See Tests of Energy Con- 
sumption 
Translational momentum, 29, 108 



U 



Undbbgbound Electric Bailways of 
London, 
duration of stop on, 21 



Ventilation of motors, 
forced, 118, 188-190 
G.E.69B, 161 

W 
Weight 

of electrical equipment. See Electrical 

Equipment 
of motors. See Motors 
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